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ABSTRACT 
Crosslinked polymers are widely used due to its several advantages not limited to 
high mechanical strength combined with the easy processability. Despite of its popular 
usage, the fundamental understanding of polymer structure affecting the desired 
properties is still lacking. This PhD thesis is in two parts, the first part is devoted to the 
design and developing a basic understanding of structure and chemical composition 
dependencies of gas transport, whereas in the second part a fundamental relationship 
between structure to the fire-retardant properties is established. 
Membrane based gas separation technique has attracted interest of selective 
removal of carbon dioxide gas from mixture of light gases such as H2, O2, N2 and CH4. 
Polyethylene glycol (PEG) has been employed to improve the solubility of acidic gases 
such as CO2 to improve the selective permeation. While conventional research on 
solubility selective membranes focuses on the strategies to prepare amorphous membrane 
while incorporating maximum PEG content, to the best of our knowledge, no studies 
have been focused in determining the effect of increasing PEG units on solubility/ 
selectivity of CO2/light gases. This research aims to determine the increasing effect of 
PEG units in solubility selectivity of UV curable thiol-ene based membranes. We 
determined the threshold amount of PEG units to achieve maximum CO2 gas solubility/ 
selectivity. We also examined the effect of network architecture on solubility when PEG 
units are placed in the backbone or as a dangling chain. The results indicated that CO2 
solubility / selectivity saturated at 10 weight percentage of PEG for these elastomeric 
networks despite of the placement of the PEG units. Knowing that the required amount of 
PEG to achieve maximum selectivity is around 10 wt%, several other moieties that 
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incorporate flexibility such as PDMS can be incorporated to further increase the 
permeability without compromising the selectivity, thus improving the overall membrane 
separation process. 
Crosslink density affects several properties of a crosslinked network. The effect of 
network crosslink density on fire retardant performance was examine via cone 
calorimeter using thiol-ene model networks in chapter 3. A series of network was 
designed to vary the rigidity and crosslink density. Rigidity was tuned by using different 
types of ene monomer from aliphatic to aromatic nature. By crosslinking trifunctional ene 
with thiol with varying functionality from 2 through 4, it was possible to increase the 
crosslink density without changing the chemical nature of the network. We determined 
that fire retardant properties improved with increasing crosslink density and rigidity 
within the series of networks examined. Pyrolysis behavior was examined via scanning 
electron microscope on networks constructed with two structurally similar ene 
monomers, allyl triazine (TOT) and an allyl isocyanurate (TTT). The combustion process 
was interrupted by quenching in liquid nitrogen at increasing times, and the cross section 
was examined via SEM. SEM images revealed that the isomers undergo distinct pyrolysis 
behavior. Networks containing ether linkage had faster bulk pyrolysis, while the 
monomers with allyl linkage underwent surface pyrolysis. Through cross section 
elemental analysis, we were able to quantify the composition different zone and were 
able to trace the extend of degradation at various time of combustion.   This could be an 
important tool in enhancing the fire-resistant properties of the neat polymeric systems.   
Since epoxy networks are another class of polymers widely used in aerospace, 
electrical insulation and construction, special emphasis was given in understanding and 
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correlating the epoxy resin structure with several fire-retardant properties determined via 
cone calorimeter in chapter 4. TGA analysis was used to calculate the activation energy 
of decomposition via fitting in Ozawa plot. The main emphasis was given to relate 
structural parameters such as glass transition temperature, network crosslink density to 
the fire performance of these networks. The presence of aromatic content in the networks 
influenced the char formation which reduced the heat release rate. For the first time, FR 
properties determined via cone calorimeter was corelated with numerically calculated 
heat release and heat capacity values predicted via molar group contribution method. 
Comparative studies of structurally similar isomers, 3,3’-DDS and 4,4’-DDS, revealed 
the differences in properties arising solely from the differences in configurational entropy 
between these monomers. Network containing 4,4’-DDS possess higher onset 
temperature and higher Tg, but interestingly, the peak heat release rate determined via 
cone calorimeter was inferior as compared to 3,3’-DDS containing networks. This is 
mainly due to the higher configurational entropy of 3,3’-DDS making the chain to pack 
better at elevated temperature during the combustion process. 
Following this basic understanding of structure fire retardant properties of epoxy 
amine networks, a comprehensive comparison of graphene oxide (GO) modified with a 
phosphorous based compound, DOPO-V and a polysiloxane (PMDA) flame retardant 
was studied. This was accomplished by two step process: in the first step, GO synthesis 
via Hummer’s method, while in the second step, the GO was functionalized by addition 
of DOPO and PMDA which were synthesized separately. The chemical modification of 
GO with DOPO-V and PMDA was verified using FTIR, XPS and AFM. Two separate 
FR additive, GO-DOPO-V and GO-PMDA was added to a standard DGEBA based 
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epoxy resin which was cured with a polyether diamine (Jeffamine D230) to form a 
composite. Thermal stability of the composites were examined using TGA. DSC results 
showed no change in Tg which indicated that the added FR additive did not affect the 
epoxy amine matrix properties. Cone calorimetry was used as a tool to evaluate the 
flame-retardant properties of composites prepared using GO-DOPO-V and GO-PMDA. 
The cone results were compared with standard epoxy-amine matrix along with 
composites made by mixing GO, DOPO-V and PMDA separately which revealed that the 
presence of grafted GO, ie GO-DOPO-V and GO-PMDA, improved the flame 
retardancy.  The char morphology analyzed via SEM revealed that the presence of GO 
along with the FR additives led to a honeycomb type morphology. We hypothesize that 
the modified GO improved the dispersion within the matrix which improved the FR 
properties.  
In the last session of this thesis, a new approach of using dissolved metal in 
improving flame retardant properties of several polymers including epoxy-amine (EP), 
polyurethane (PU), polystyrene (PS) and polyethylene oxide (PEO) is presented. Cone 
calorimeter was used as a standard tool to evaluate the flame retardancy of these metal 
dissolved composites. It was discovered unexpectedly that dissolution of a divalent metal, 
which is capable of forming an oxide layer upon combustion, improves the flame 
retardancy of a polymer matrix by suppressing the smoke formation and reducing the 
heat release rate. It was discovered that the presence of primary or secondary amine aids 
in metal dissolution of certain metal salts such as zinc acrylate, but metal salts containing 
long organic tail such as zinc stearate was readily dissolved upon heating. The dissolution 
was evidenced from formation of transparent composites and through the loss of crystal 
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structure of metal salt detected through wide angle X-ray analysis. We discovered that the 
improvement in flame retardancy was greatly enhanced when the metal was dissolved 
rather than dispersed in the polymer matrix. A two-step additive approach was followed 
where in the first step an additive containing dissolved metal in amine was prepared 
which was subsequently added in to the desired polymer matrix in the second step. The 
solubility of the additive to a common solvent was chosen as a criterion to disperse in the 
desired polymer matrix, ie., the nature of the amine in additive manufacturing was 
selected such that it solubilizes with a common solvent of the polymer. For instance, a 
water-soluble additive was prepared using ethylene diamine which was subsequently 
added to a polyethylene oxide (PEO) which had water as a common solvent. The choice 
of amine made it possible to add this additive to several polymers which made this 
approach more versatile in nature. This approach can be a termed as “green” technique 
due to the absence of halogenated, phosphorous or boron containing compounds which 
releases toxic smoke during suppressing the fire.   
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CHAPTER I - GENERAL BACKGROUND AND THESIS ORGANIZATION 
1.1 Introduction   
Use of crosslinked network polymers has dramatically increased over the last 
several decades due to its inherent advantages not limited to high strength to weight 
ratios, mechanical properties and processability. However, use of polymers are still in 
development stage due to the unanswered question in several aspects. For instance, 
within the context of this thesis, the use of networks in the field of gas separation 
membranes is still in testing phase and couldn’t completely replace the traditional 
chemical engineering techniques such as solvent adsorption, distillation etc. This is 
because the polymeric membranes exhibit a trade-off between permeability and 
selectivity (explained later in the thesis), which makes polymer material less attractive 
compared to the expensive solvent adsorption techniques. In the aspect of flame 
retardants, the use of polymeric materials in combustible environment imposes a threat 
because of its high combustible nature. Polymers ignite when exposed to sufficient heat 
and oxygen which releases smoke and toxic gases affecting the human life along with 
loss of property. Thus, a basic understanding of structure dependent properties is essential 
to use polymer material efficiently and safely.  
1.2 Thesis organization   
In this thesis, we aim to study the effect of structure, concentration of chemical 
moiety and the placement of the chemical moieties on the properties focusing in gas 
transport and flame retardancy. Both transport and flame-retardant properties have been 
evaluated using thiol-ene and epoxy-amine crosslinked systems respectively. 
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This thesis consists of six chapters. Chapter 1 is a summary of literature review on 
crosslinked networks, thiol-ene and epoxy-amine polymer systems. This chapter also 
contains review on gas separation membranes and basics of flame-retardant systems. 
Chapter 2-6 present the results of the original research.  
Chapter 2 explores the structure- gas transport properties of polyethylene glycol 
(PEG) containing thiol-ene based membranes. Our goal was to improve CO2 permeability 
and CO2/light gas selectivity by focusing on the materials that achieve high CO2 
selectivity as a result of high CO2 solubility selectivity. More specifically, we determined 
the minimum amount of PEG required to achieve the maximum solubility selectivity of 
CO2/ light gases and compared the effect of placement of PEG either in backbone or as 
dangling chain end.  
In chapter 3, cone calorimetry was used to explore the structure- flame retardant 
properties of thiol-ene networks with varying crosslink density tuned via functionality of 
thiol monomer. We also compared the fire properties of two similar networks fabricated 
via structural isomeric ene monomers, 2,4,6-tris(allyloxy)-1,3,5-triazine (TOT) and 1,3,5-
triallyl-1,3,5-triazine- 2,4,6-trione (TTT), under different fire scenarios. The samples 
which were quenched at different time frames (5 sec, 10 sec, 15 sec and 20 sec) were 
studied in scanning electron microscope to understand the pyrolysis behavior of these 
thiol-ene based networks.  
Chapter 4 reports the results obtained in analyzing the structure- fire retardant 
properties of epoxy-amine networks. Several commercial epoxy monomers/ oligomers 
were crosslinked with 4,4’- diamino diphenyl sulfone (4,4’-DDS) amine monomer. 
Activation energy of network was calculated using Flynn and wall method via TGA 
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measurements. Several network parameters such as glass transition temperatures (Tg), 
aromatic content, crosslink density was related to the results obtained via cone 
calorimeter. Interestingly we found the networks containing naphthalene performed the 
best due to its high char forming capability. The cyclo-aromatic and aliphatic fire 
performance were the least due to the inability to form char. The performance related to 
aromatic content was moderate in-between these two families of compounds. Group 
contribution method was used to theoretically estimate the heat release capacity and total 
heat release. To the best of our knowledge, it was the first attempt to estimate the heat 
release capacity values through group contribution method for crosslinked networks. We 
also compared the isomeric effect on flame retardancy by constructing a matrix of 
networks containing diglycidyl ether of bisphenol-A (DGEBA), diglycidyl ether of 
bisphenol-F (DGEBF), and tetra-glycidyl methylene dianiline (TGDDM) crosslinked 
with 3,3’-DDS and 4,4’-DDS. 
In chapter 5, we evaluated the flame-retardant effect of a composite prepared by 
adding graphene oxide (GO) modified with siloxane and phosphorous compounds to a 
standard bisphenol A type epoxy system. Results indicated that the modification of GO 
aided better dispersibility of these composites within the matrix which resulted in a better 
flame-retardant property when compared with GO itself.  
In chapter 6, a new metal-based flame-retardant additive was discovered which 
was halogen and phosphorus free. These metal additives performed better than the 
commercially available flame-retardants in terms of reducing the peak heat release rate 
and smoke release. The new additive was found to be effective at very low metal content 
and it was found to be effective to most common polymers including epoxy-amine, 
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polyurethanes, polystyrene and polyethylene oxide. Later we found that by chemically 
attaching the metal-based salts to the monomer, a self-healing flame retardant 
polyurethane was developed. 
1.3 Research background and motivation  
1.3.1 Greenhouse gasses and Carbon dioxide (CO2) 
Natural greenhouse gases, such as CO2, CH4, N2O, Ozone (O3) and water vapor, 
transmit the Sun’s visible light, absorb and re-emit the earth’s infrared thermal radiations 
which helps maintain the temperature suitable for life.1 Researchers have estimated that 
maintaining concentrations of greenhouse gases in the range of 350 ppm to 450 ppm can 
help stabilize global temperatures close to the ideal range for the ecosystems.2 Although 
this value of greenhouse gas is not alarming, the monotonic increase of CO2 
concentration in the atmosphere is of concern.  
The concentration of CO2 gas in the atmosphere has increased at an accelerating 
rate from decade to decade mainly due to the increasing energy demand and subsequent 
fuel consumption. On an average, 36% of global CO2 emissions is accounted for by the 
electricity generation sector.3 American Energy Information Administration (EIA) and 
the international Energy Agency (IEA) has estimated an average annual increase in 
energy consumption by 2%.   Fossil fuel usage is still unavoidable and serves to satisfy 
the growing energy demand. Combustion of coal or natural gas to produce energy 
releases vast amounts of carbon dioxide (CO2) into the atmosphere which accounts for 
global warming:4 
The global temperature increase due to greenhouse effect has urged the 
international community to take actions to reduce the carbon footprint in the ecosystem. 
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Several researches has been focused on satisfying both energy demands and reduction in 
greenhouse gas concentrations.  
 
Figure 1.1 Increasing concentration of CO2 in Atmosphere. Data obtained from NOAA5. 
 
Fig. 1.1 shows estimated atmospheric CO2 concentration in the atmosphere which 
increases linearly over the past 5 decades without signs of reducing or saturation.5 The 
CO2 concentration as of April 2018 reached 410.31 ppm which is approaching the 
threshold acceptable concentration of 450 ppm. The raise in CO2 gas concentration, 
global temperature increase beyond a certain threshold limit might have serious 
detrimental effect on the ecosystems. 
In addition to contributing to global warming, CO2 reduces the efficiency of the 
natural gas.6 It is acidic and hence corrosive in nature when it gets mixed with water. 
Removal of CO2 from natural gas will increase its calorific value, and decrease its 
volume, prevent pollution of atmosphere and prevent corrosion to the transportation pipe 
lines.7 CO2 is considered to be an impurity in various gases, when it is mixed with CH4 in 
natural gas, H2 with syngas, O2 in food packaging.
8 
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1.3.2 Application of Carbon dioxide gas (CO2) 
In some applications, CO2 gas is a useful tool mainly due to its abundance, non-
flammable nature and low cost, low reactivity along with unique physical properties.9 
Figure 2 shows a comprehensive uses of CO2 gas  
 
Figure 1.2 Application of CO2 gas in food industry, chemical industry as a raw material and 
compressed gas for oil extraction. 
 
Carbon dioxide in its solid and liquid form is used  as a quick freezing, surface 
freezing, chilling and refrigeration in transportation of food.10  Dry ice pellets are used to 
replace sandblasting to remove the paint from surfaces aiding in reducing the cost of 
disposal. Chemical processes sometimes require dry ice due to its inert nature in the 
storage of carbon powder and in fire extinguishers.11  
Carbon dioxide is also a raw material for several commodities, especially for 
methanol and urea production. Liquid and supercritical CO2 is used in material chemistry 
for synthesis and processing of polymers, particularly in production of biodegradable 
polycarbonates from cyclic ethers.12  CO2 gas is a good solvent for many organic 
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compounds. Due to Its solvating potential, it has been employed in dry cleaning as a 
substitute for conventional solvents.13  
The most significant usage of CO2 gas is in the area of oil extraction from wells, 
where the gas when pumped into the well, it gets dissolved in the oil rendering it less 
viscous allowing the oil to be extracted more easily from the bedrock. 14 
CO2 gas is used to carbonate soft drinks, beers and to prevent fungal and bacterial 
growth. It is also used to de-caffeinate coffee. It is used as a respiration stimulant for 
medical use when combined with oxygen. It can be used to neutralize water.15  
Thus, CO2 gas has the potential of being used in several areas as an alternative owing 
to its abundance and inexpensiveness. On contrary, several industry releases tons of CO2 
gas as waste to the atmosphere which has detrimental effects on the environment. Thus, it 
is wise and economical to utilize the abundant, inert CO2 gas as an alternative thus 
reducing the carbon foot print and greenhouse gas as well as improved economy. Hence 
CO2 separation and capture from other light gases is important not only to mitigate the 
global climatic changes, but also to improve the efficiency7,8. Hence significant controls 
are implemented to separate and sequestrate the CO2 from atmosphere. 
1.3.3 Electronic properties of CO2 and its reactivity 
It is essential to understand the electronic properties of CO2 gas to facilitate the 
seperation and sequestration of the gas on the molecular level.  CO2 is a non-polar, linear 
and symmetrical gas molecule. Even though the Pauling electronegativity difference 
between carbon (2.5) and oxygen atoms (3.5) is huge,  it has symmetrical dipole with 
equal magnitude pointing in opposite directions making it a non-polar molecule.16 The 
large difference in electroneghativity does lead to the presence of partial charges on the 
 8 
atoms. There is charge seperation arasing from the partial charges: a partial positive 
charge (+2δ) is localized on the carbon atom and two partial negative charges of half the 
magnitude are localized on the oxygen atom (-δ). This arrangement of four unit charges 
on a molecule is termed as quadrupole.17  
Due to the presence of partial positive charge on carbon and partial negative charge on 
oxygen, the atoms become a Lewis-acid and Lewis-bases respectively. Thus CO2 
molecules can readiliy participate in Lewis acid-base interactions, H-bonding as an 
acceptor, along with quadrapole interactions such as quadrapole-dipole, quadrapole-
quadrapole and quadrapole ion interactions.  
Non-covalent interactions are mainly used in physcial adsorpotion techniqies without any 
chemical reactions occuring between the absorbant and the gas.18–20 In addition, CO2 is a 
weak electrophile and it can react with nucleaophiles such as amines, hydroxides and it 
can co-ordinate with transition metals.21 
 
Figure 1.3 Structure of CO2 gas showing the electronic properties. 
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1.4 Carbon Dioxide(CO2) gas separation and capture 
The process of CO2 gas capture, separation and storage from fossil fuel 
combustion and other sources is collectively called Carbon capture and Storage (CCS) or 
carbon sequestration. CSS is important because CO2 gas is generated as mixtures with 
other gases, for instance, methane and nitrogen in natural gas processing,22,23 ammonia 
and hydrogen plants,24 hydrogen sulfide and sulfur oxides from biogas production25 etc. 
In majority of cases, a separation step must be included to capture CO2 gas. Several 
processes are available including, cryogenic distillation, absorption processes, pressure 
swing adsorption and membrane gas separation to achieve CCS. 26 
Due to some inherent drawbacks (high operation and recovery cost and lower efficiency) 
involved in pressure swing adsorption, cryogenic distillation and absorption, membrane 
technology standout as a potential candidate for separation of CO2  from a mixed gas 
stream 7,27–29.  
1.4.1 Membrane separation process 
Membranes are semi-permeable materials which involves the separation of 
individual components based on the differences in the rate of permeation through them. 
Recently membrane separation process has become a promising “green” alternative to the 
traditional separation processes. It has attained significant interest  due to its low 
footprint, competitive energy efficiency and cost-effective approach.6,30–33  
A mixture of gases on one side of the membrane permeates through to the 
opposite interface due to the pressure differential. Ideally a single component (retentate) 
is withheld from transport across the membrane. Membranes can be either porous or non-
porous, where the former are made using porous inorganic materials and the later using 
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polymers. Porous membranes made using zeolite or carbon molecular sieves, follow a 
size sieving mechanism to separate gases of certain size depending on pore diameter. 
This mechanism exhibits higher throughput but lower selectivity compared to polymer 
based membranes. 34,35 Polymer membranes exhibit less permeability but offers good 
selectivity. Their selectivity can be tuned by adjusting physical or chemical interactions 
between the polymer membrane and the gases. 35 
Currently, composite organic-inorganic membranes also referred as mixed matrix 
membranes consists of porous inorganic particles incorporated in a continuous polymer 
matrix. Several porous inorganic materials with tunable pore size and the particle size has 
been synthesized targeting the separation of specific gas molecules is size sieving 
technique.18,36–38  This is done to combine the advantage of excellent separation 
properties of porous materials along with the ease of processing of polymeric materials.39 
 
Figure 1.4 Representation of membrane gas separation. 
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1.4.2 Polymeric Membranes and Solution-Diffusion model  
Polymeric materials are the most commonly used in membrane gas separations. 
Two main parameters, permeability and selectivity (ratio of permeability co-efficient of 
faster moving gas to a slower permeating gas) determines the membrane performance. 
Low permeable membranes require larger area and subsequently higher capital cost while 
low selectivity corresponds to higher operating cost. For polymer-based membranes, 
there is a trade-off between selectivity and permeability. A bench mark was established 
by Robeson, when he collected experimental permeability values for different polymeric 
membranes, showed for all gas molecules there exists an “upper-bond” above which no 
materials exsist.40  Plasticization, mechanical robustness, and physical aging are some  
additional hurdles facing the commercialization of polymer based membranes.7  
Polymeric materials can be broadly divided into two categories: rubbery 
(polymers above glass transition temperature) and glassy (polymers below glass 
transition temperature). Glassy polymers are known to have high selectivity, excellent 
thin film forming capabilities coupled with good mechanical properties, but lower 
permeability. On the other hand, rubbery polymers posses high permeability, but suffer 
from poor selectivity and tend to plasticization.41 
Polymeric materials with higher permeability selectivity and mechanical stability 
would be an ideal candidate for the membrane separation processes to expand the 
growing demands.  
1.4.3 Solution-Diffusion model  
The transport of small molecules across the polymeric membrane depends on the 
molecular motion of the penetrant molecules. The driving force is primarily the 
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concentration or pressure differences  between phases.42 The permeability coefficient is 
an intrinsic material property. The amount of gas permeating through a membrane is 
expressed as a flux of gas at standard temperature and pressure (cm3(STP)/(cm2s)). 
𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1 ∶ 𝐽 =
𝑃
𝑙
∗ (△ 𝑝) 
Where, J is the flux across the membranes, P is the permeability coefficient, l is 
the thickness of the membrane and △p is the partial pressure difference across the 
membrane. 
Gas transport through non-porous polymeric membranes can be modeled via the 
solution-diffusion mechanism in which permeants dissolves in the polymer at the high 
pressure face and then diffuses through the polymer down a concentration gradient and 
followed by desorption out of the polymer at the low-pressure face.43 Using the solution-
diffusion model, Barrer described gas permeability  through a membrane as a product of 
diffusivity and solubility as in Equation 2. 
𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2 ∶ 𝑃 = 𝐷 ∗ 𝑆 
Where D is the diffusion coefficient and S is the solubility coefficient.  
The magnitude of permeability is determined by the diffusivity and the solubility. 
Diffusivity is a kinetic parameter which depends on the penetrant size, membrane free-
volume within the polymer, and temperature. Figure 1.5 demonstrates the relationship 
between penetrant size and diffusivity, indicating that diffusivity decreases with 
increasing penetrant size.  For amorphous polymeric materials, the diffusion rate will be 
higher than those of crystalline polymers, like polyethylene oxide, mainly due to the 
physical barrier posed by the crystalline domains to the gas molecules.  
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Figure 1.5 Diffusivity of several gases through thiol-ene based fluoropolymer. Plot shows 
the comparison of diffusivity co-efficient of gases with different kinetic diameter. 
Solubility is a thermodynamic behavior which depends on the penetrant critical 
temperature, sorption sites, and chemical affinity. In general, the higher the critical 
temperature is the higher the condensability and solubility of the gas in polymer. Figure 6 
shows the dependence of critical temperature of several gases on solubility.31 
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Figure 1.6 Dependence of solubility on critical temperature. Shown here is the solubility 
values for UV-curable thiol-ene flouro-polymeric networks  
 
Thus, flux across a membrane is a function of both chemical and physical 
properties of the penetrant molecules and the membrane. 
The ability of a membrane to separate a mixture of gases is called selectivity. 
Selectivity is achieved between different gas penetrants when there are differences  in the 
solubility and permeability through the membrane.35,44–46  Selectivity is defined by the 
ratio of permeability of faster moving gas divided by a slower penetrating gas as shown 
in Equation 3. 
𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3: Selectivity α =
𝑃a
𝑃b
 
 
Transport properties of a fabricated membranes are determined by building a 
selectivity plot, where selectivity of a gas pair is plotted against permeability of fast 
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moving gas as shown in Figure 7. As described earlier, polymeric membranes suffer from 
a trade-off between selectivity and permeability, ie., a high permeable membrane has 
lower selectivity and vise-versa. To achieve a superior separation performance, the 
membrane should possess higher selectivity along with high permeability. An empirical 
upper bond relationship was established by Robeson etal.,40 (Figure 7) from the 
permeability data of various polymers available in the literature. A hypothetical line 
called “Robeson upper-bond” was established, below which virtually every experimental 
data point exists. The ability to achieve a high permeability along with high selectivity or 
without compromising selectivity, thus surpassing Robeson upper bond is the current 
target of the gas separation membrane research community.       
 
Figure 1.7 Selectivity plotted against permeability of fast moving gas. Red dots indicate 
selectivity of polymers reported in literature. The black line indicates the hypothetical 
Robeson upper bond upper bond indicating the commercially attractive region. (Moderate 
selectivity with high permeability) 
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Recently, Merkel etal proposed that for post-combustion CO2 capture, researchers 
should focus on increasing the permeability of the membranes, and CO2/N2 selectivity 
values does not need to be higher than 30.33 Based on energy and cost calculations, the 
Merkel group demonstrated that moderate CO2/N2 selectivity of around ∼30 is only 
required, and further increase in selectivity is economically less viable, than the 
membranes having moderate CO2/N2 selectivity values with high permeability.
33  
Considering that permeability is a function of diffusivity and solubility, selectivity 
can be expressed as a product of diffusivity selectivity and solubility selectivity as shown 
in Equation 4. 
𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 4: 𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝛼 =
𝑷a
𝑷b
=  
𝑫a
𝑫b
∗  
𝑺a
𝑺b
    
 
Where Da, Db, are diffusivities of faster moving gas and slower moving gas respectively 
and Sa, Sb are solubility of faster moving gas and slower moving gas respectively.  
Thus, typically polymeric membranes, based on the separation mechanism, can be 
categorized as diffusive selective membranes, which typically operates through the size 
sieving technique or solubility selective membranes, which typically achieved by 
incorporating chemical moieties that interact with penetrant.   
Diffusive selective membranes: As described earlier in this session, diffusivity based 
separation is widely employed in separation of chemically similar gas molecules such as 
O2 and CH4 having large differences in kinetic diameter. Separation happens via the 
differences in diffusion due to difference in size of the molecule, where the smaller 
molecules diffusive at a faster rate than the other molecule. As seen in the table, the size 
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sieving effect can only be achieved for gas pairs having large differences in the kinetic 
diameter. For gases such as CO2 and O2 which have similar kinetic diameter, the 
separation based on size thus becomes nearly impossible leading to have a poor 
selectivity. Thus research has been focused on separation based on the chemical affinity 
of the gas molecules.   
Table 1.1 Critical temperature and kinetic diameter of various gases of interest 
Gas 
Critical temperature 
Tc(K) 
Kinetic Diameter 
dK(Ǻ) 
He 5.2 2.6 
H2 33.2 2.89 
O2 154.6 3.46 
N2 126.2 3.64 
CO 134.5 3.76 
CO2 304.2 3.3 
CH4 190.6 3.8 
SF6 114.08 4.9 
 
Solubility selective membranes: Separation by controlling the gas solubility is dictated by 
the chemical affinity between the gas and the membrane materials. Facilitating 
preferential interaction between functional groups in the polymer membrane and the 
retentate gas molecule promotes separation. This phenomenon can be exploited in 
separating bigger molecules from smaller molecules as well (CO2 from H2 gas).   These 
membranes are termed as “reverse selective membranes” where larger molecules can 
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permeate faster than the smaller molecules (CO2 – 3.3Å against H2 – 2.89Å gas). A 
similar chemical interaction strategy can be utilized to make certain gas molecules 
permeate faster as compared to the other having similar kinetic diameter (CO2- 3.3Å & 
N2- 3.64Å).     
As mentioned previously, CO2 gas is capable of several chemical interactions, and this 
can facilitate the preferential transport CO2 gas through the membrane while retaining the 
other gas in the high-pressure stream. It is also cost-effective to remove CO2 from the 
high pressure gas mixture which will reduce the cost of pressurizing the gases of 
interest.43  In case of H2 and CH4, removal of CO2 gas from the mixed feed will avoid 
extensive recompression of the desired gas product. While in case of N2 gas, selective 
removal of CO2 gas will reduce the membrane area requirements.  
 CO2 gas unique ability to interact with polar groups has attracted several researchers who 
focus on amine and ether groups for CO2 gas separation.
4,36,39,43,47–52 Furthermore several 
studies have been conducted with ethylene glycol (which has a strong affinity for CO2 
due to its weak acid base interactions) to improve membrane selectivity through tuning 
the solubility selectivity.  
A detailed literature relating to PEG based membranes has been emphasized in the 
background session of chapter 2. 
1.5 UV initiated Thiol-ene click chemistry 
Photopolymerization refers to the technique which utilizes visible or UV light to 
initiate a polymerization reaction to form either a linear or a crosslinked network. Thiol-
ene photopolymerization utilizes UV light to initiate an addition reaction of thiols across 
unsaturated carbon-carbon double bond for network formation or small molecule 
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synthesis. Thiol-ene undergoes a step growth reaction and a typical reaction mechanism 
is shown in Scheme 1.1.53  
 
Scheme 1.1 Schematic of typical radical mediated thiol-ene photoinitiated reaction. 
 
Thiols monomers are similar to alcohol analogs except for the presence of sulfur 
instead of oxygen atom. Thiols exhibit lower hydrogen bonding which leads to low 
boiling points and lesser polarity compared to alcohols. The low electronegativity of 
sulfur atoms makes the hydrogen more readily abstractable generating radicals.  
Thus upon UV irradiation, photo-initiator readily abstracts hydrogen from thiol 
monomer to from a thiyl radical, which is the initiation step. These thiyl radicals are the 
reactive sites which can add across a carbon-carbon double bond forming carbon centered 
radical (propagation step). This carbon centered radical subsequently abstracts a 
hydrogen from a second thiol generating thiyl radicals again which is similar to step 
growth polymerization lending the reaction mechanism a step-growth chain mechanism 
resulting in anti Markovnikov addition of thiol across an unsaturated group yielding 
thioethers.       
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Much of the fundamental research for thiol-ene polymerization was pioneered by 
Hoyle et al.54–57  Most common thiol reactions are thiol radical mediated and 
base/nucleophilic catalyzed thio-Michael addition reactions, which depends on the 
electron density of the carbon double bonds.54 In addition to thiol reacting with electron 
rich carbon double bond, several other reaction not limited to isocyanate, yne, epoxide 
are also possible.53  
1.5.2 Thio-Micheal addition reactions 
The thio-Michael addition reaction was employed for the addition of PEG units as 
dangling chain ends on to thiol monomers. Essentially thiol-ene reaction is an addition 
reaction of thiol to a double bond (ene). Depending on the electronic character of the ene, 
the reaction may proceed either via radical mechanism or nucleophilic catalyzed anionic 
mechanism. The thio-Michael addition reaction refers to the addition of a nucleophile 
(Michael donor) across an electron deficient C=C (Michael acceptor). An electron 
deficient carbon-carbon double bond can be added to a thiol in presence of nucleophilic 
catalyst.54 The thio-Michael addition reaction has been well investigated and the reaction 
mechanism is illustrated in Scheme 1.2.    
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Scheme 1.2 Schematic of typical radical mediated thiol-ene photoinitiated reaction. 
 
As shown in Scheme 2, a strong nucleophile such as primary amine reacts with an 
electron rich C=C double bond to form an enolate base. Subsequently, this enolate base 
deprotonates a thiol monomer forming a thiolate anion which further reacts with the C=C 
center. The amount of amine catalyst used in this reaction is very low. Thio-Michael 
addition reaction exhibits the qualities of a typical radical- mediated thiol-ene click 
reaction in which modular, orthogonal addition of thiol happens to an electron poor 
alkene. Most reactions can be carried out in the absence of catalyst, heat or light, and the 
addition reactions happens within few minutes of the reaction.      
Thiol-ene click reaction has been of particular interest due its advantages over other 
acrylate based photo-curable systems. When compared to acrylate systems, atmospheric 
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oxygen does not inhibit the formation of thiyl radical nearly unaffecting the kinetics of 
thiol related polymerization.58–60 Also, several reports in literature points at the low stress 
build up due to the unique kinetics of thio-ene reactions.57,61 Due to the step-growth 
radical reaction mechanism, they produce a dense uniform network leading to the narrow 
glass transition temperatures.  Other advantages include the low viscosity of thiol-
monomers allowing for a solvent less reaction.61 The wide library of thiol and ene 
monomers commercially available coupled with the simple modification to attach 
functional groups via thio-Michael addition reaction allows them to tune for the required 
network properties. 
1.6 Fire retardant polymers  
Fire is a destructive force which leads to loss of life and property. Global fire 
losses are estimated to be $ 500 million a year.62 For instance, the homes in the United 
states suffer unwanted fire every 10 seconds and every 2 hours there is a loss of life in a 
home fire.63  Use of polymers, which accounts of 80%  of the organic chemical industry, 
has increased over the past decade. Polymers are known for their high flammability and 
thus the risk associated with fire is still raising.64 For instance, the fire risk associated in 
modern cars is not only the fuel tank rupturing but also the polymers used in the 
automotive parts.65 The moment polymers are ignited, a sequence of exothermic 
oxidation reactions happens with release of heat, which causes degradation of chemical 
bonds which releases corrosive toxic gasses and smoke.66–69 Thus, improving the fire 
retardancy is at most importance and since these are organic molecules, it also becomes a 
major challenge. Flame retardancy doesn’t essentially mean the polymeric materials 
won’t burn but rather slow down the fire spread, energy release and in some instances 
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self-extinguishing after being ignited.70 National Institute of Standard and Technology 
(NIST) mentions a fire resistant material should increase the allowable escape time by 
minimizing the heat release and evolving less smoke and toxic gases.71 In this 
introductory part, polymer combustion mechanisms will be discussed followed by some 
meaningful strategies to reduce the or decrease the heat release. This will be followed by 
the existing methods to determine the flame retardancy of polymers.  
1.6.1 Combustion mechanism  
Combustion, defines as the reaction of oxygen and fuel accompanied by the 
release of heat, can occur when three essential elements coexists: fuel (combustible), 
oxygen (combustible) and heat (as energy) as shown in the fire triangle.72 Polymeric 
materials combustion process is a highly complex process involving a series of related 
and /or independent steps that occur in condensed or gas phase, and in the interphase 
between these two phases.73 Polymers are long chain macromolecules consisting of 
carbon and hydrogen. The most important step during the polymer combustion is the fuel 
production. When exposed to enough temperature above the thermal decomposition 
temperature, the polymers can irreversibility change the chemical structure. Thermal 
decomposition, initiated by main-chain or side chain scission, can lead to formation of 
small volatile fragments which acts a fuel for the flame. These volatiles are generally 
flammable and can be ignited when the auto-ignition temperature is attained in the 
presence of oxygen gas.63 Not to mention, the products from pyrolytic decomposition 
includes, not limited to, combustible gases, non-combustible gases and carbonaceous 
char. Ignition can also be triggered at a lower temperature by an external source such as 
flame or spark. Once the volatiles are ignited, combustion is self-sustained either by the 
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act of an external source of irradiation or by substantial heat release due to exothermic 
chain reactions occurring in the gas phase which facilitate the decomposition of polymer 
thereby maintaining the critical concentration of evolved volatiles in the gas phase.71 
 
Figure 1.8 Fire triangle emphasizing the importance of three components required for a 
sustainable fire. 
1.6.2 Concepts of flame retardancy  
Flame retardants are compounds intended to suppress or delays combustion under 
specific conditions. They interrupt the fire by physical (cooling, fuel dilution, formation 
of charring layer) or chemical action (reaction in solid or gas phase) thus reducing the 
release of heat, decomposition or spread of fire.71 Figure 10 represents a fire cycle which 
consists of polymer pyrolysis leading to a combination of flammable and non-flammable 
gases along with other combustion products. A flame-retardant material breaks the cycle 
thus preventing or reducing fire. There are different strategies used to improve the flame 
retardancy of polymers as listed below (shown in Figure 10).74 
 25 
 
Figure 1.9 Potential mode of action of Flame retardants (1 to 4) in the combustion cycle. 
 
The strategies that can be used to suppress fire is shown in Figure 2 is listed below. 
“1”- The pyrolysis of a polymer can be modified to reduce the flammable volatiles or 
liquid products. This can be achieved by formation of non-flammable gases, diluting the 
fuel (H2O release while combustion) or of char which cab act as a barrier between the 
flame and the polymer.  
“2”- The heat and air can be isolated from fire to stop the combustion process 
“3”- Flame inhibiting compounds which can quench the fire (through radical or via 
dilution of the flame) 
“4”- reduce / block the thermal feedback from the existing fire either by a thermal 
insulation of char layer or intumescent coating formed when the polymer is exposed to 
fire conditions. 
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Current strategies include the use of flame retardants either in the form of reactive 
type (incorporated into polymer during synthesis or post grafting technique) or as 
additive to polymeric systems aiming in improving the char forming capabilities, radical 
quenching or diluting the flame by release of water.  
Halogen-containing flame retardants act in general by interfering in the radical 
chain reaction that takes place in the gas phase.75 The halogen radical reacts with the 
polymeric chain to form the hydrogen halide that is used to trap the high energy radicals 
(H• and OH• ) present in the flame. Iodine and fluorine containing FR additives are not 
used because these compounds are not stable. Chlorine and bromine based are the most 
effective FR additives. 76 
The other gas phase FR additive is the phosphorous containing flame retardants 
which is an alternate for Halogen based.77 Phosphine, phosphates, phosphate esters, 
ammonium phosphate and red phosphate was known FR additives in this category. 
Phosphorous containing compounds (P-H or P-CH3) decompose due to weak bond to the 
P atoms generating small phosphorous species which act in gas phase to quench fire. 
Since the phosphorous compound is loosely bonded, they impose an environmental 
impact. Phosphorous based additives with nitrogen containing compounds like melamine 
cyanurate (melamine polyphosphate) exhibits high performance because of synergistic 
effect of hetero-nitrogen compounds.78  
The other common FR additive is mineral filers such as aluminum hydroxide or 
magnesium hydroxide. They decompose endothermally absorbing heat, release inert 
gases during the combustion process (water or carbon dioxide) and forming a protective 
inert char layer. The main disadvantage associated with this approach is the high loading 
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(typically about 50 wt%) levels used to achieve the flame retardancy. At such high 
loadings, these FR additives can hamper the mechanical properties of the polymer.79,80    
1.6.3 Methods to determine the flame retardancy  
Flammability of polymers can be characterized by their time to ignition, heat 
release rate, total heat released, and flame spread rate. General flame test includes, 
limiting oxygen index (LOI), underwriters laboratory (UL-94) and cone calorimeter. LOI 
is a test method which indicate the materials flammability. LOI values defines the 
minimum oxygen concentration in a mixture of O2/N2 gas that either maintains the flame 
combustion for 3 minutes or consumes a length of 5 cm of a vertical sample. Higher the 
LOI index the better the polymer flame retardancy. 81,82 The flame spread, and the 
ignitability is measured using a set of standard UL94 test for the flammability. The 
samples can either be vertical or horizontal and the rate at which the fire propagates 
through a certain distance is measured. Typically a blue flame with a power of 50 W and 
20 mm height is applied to the edge of the sample for 10 seconds and then removed 
before the spread rate is determined.83,84 Cone calorimeter is the most efficient polymer 
fire behavior tests which brings quantitative analysis to materials flammability research. 
A sample of specific surface area (typically 100 x 100 x 3mm) is placed on a load 
equipped to measure the real time weight loss. The sample is irradiated uniformly using a 
cone shaped heater as low as 10 – 100 kW/m2. Generally the heat of combustion of any 
organic materials is directly related to the amount of oxygen required for combustion in 
which 13.1 kJ g-1 of heat is released per kg of oxygen consumed.85  The measurements of 
oxygen concentration in the combustion gases are monitored to calculate the heat release 
per unit area and time.85,85–90  The calibration of the heat release rate (HRR) is performed 
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with methane at a flow of 5 mLmin-1. This is a powerful tool which is capable of 
simulating scenarios ranging from mild to large fires through the applied flux. The most 
important parameters that can be obtained via cone calorimeter are peak heat release rate 
(PHRR), average heat release rate(AHRR), Total heat evolved(THE), time to ignition 
(tig), total mass loss (TML) as shown in Figure 11. The fire growth index can also be 
calculated by the ratio of PHRR to tig which is an accurate way of describing flame 
spread rate. In addition to the above mentioned parameters, cone calorimeter can detect 
the CO, CO2 concertation in the combustion along with the amount of smoke released.
89 
 
Figure 1.10 Typical cone calorimeter cure showing the obtained values. 
 
Since cone calorimeter measures flammability in different way compared to LOI 
and UL-94 fire tests, these have a poor correlation among the tests. Morgan and Bundy 
points out the differences among LOI, UL94 and Cone calorimeter. 62  LOI is a small-
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scale test that uses a controlled amount of oxygen atmosphere to maintain the flame, and 
UL94 applies a small calibrated flame at the edge for 10 s in atmospheric conditions 
followed by measuring time for the flame to spread a definite area. Cone calorimeter, n 
the other hand, uses a forced combustion in which radiant heat is projected onto a sample 
before ignition and during burning of the sample. The sample is usually in a horizontal 
configuration enclosed in an aluminum sheet at the bottom, thus eliminating any effects 
such a dripping or flowing. Also, the samples in cone which is exposed to continuous 
heat during the test is ventilated, which indicated the material response when exposed to 
continuous heat and fire, while in UL-94 is carried out in atmospheric conditions (without 
forced air) after the flame is removed. Thus the correlation between the tests cannot be 
established for unknown materials. 
1.7 Epoxy resins  
Epoxy resins are a class of crosslinked polymers which have been widely used in 
reinforced composites, laminates, moldings, high performance coatings and adhesives.91 
Through the choice of monomer structure, excellent properties such as high tensile 
strength, high modulus and dimensional stability along with good electrical insulation 
capabilities can be achieved.92 In uncured state epoxy resins are available in variety of 
forms ranging from low molecular weight liquids to high molecular weight solids. The 
versatility of these resins arise from the choice of monomer structure and the ability to be 
formulated as one pack, two-pack and co-cure systems.93    
Epoxy resins are monomers containing three membered oxirane ring in their structure 
(Figure 12). Epoxide ring is highly reactive which is associated with release of high ring 
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strain making it thermodynamically favorable.94 Oxirane rings are generally present as a 
terminal group in the molecule.  
 
Figure 1.11 Three membered epoxide group. 
The common route to synthesis epoxy resin is to react epichlorohydrin with compounds 
containing active hydrogen. A general synthetic route is shown in Scheme 1.3.95 
 
Scheme 1.3 Generalized reaction for epoxy monomer synthesis  
The most important class of commercial epoxy is the reaction product of 
bisphenol A and epichlorohydrin in the presence of base (sodium hydroxide) with the 
release of sodium chloride as byproduct as shown in scheme 1.4.95 
 
 
Scheme 1.4 Synthesis of DGEBA based epoxy from bisphenol A and epichlorohydrin. 
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There can be several structural variants not limited to long chain, multifunctional, 
aliphatic, alicyclic type and low molecular weight oligomeric epoxy resin which can be 
used to tune desired properties.  
Broadly, there are two methods of crosslinking associated with the epoxy 
systems:96–98 One catalytic cure, where a catalyst acts as an initiator which leads to 
homopolymers98 and second is the stoichiometric curing agents where a comonomers 
reacts to form crosslinked network.96,97 The functionality of epoxy resin depends on the 
type pf curing path used. For homo-polymerization, the functionality of each epoxide 
group is considered as two, where as in stochiometric curing, the functionality of each 
epoxide group is one. This is will illustrated with the reaction scheme in the following 
sessions.     
Catalytic cure:   Lewis acid or bases can act as a catalyst to initiate the ring opening 
mechanism leading to homo-polymerization. Lewis bases contains unshared pair of 
electrons which acts as a nucleophilic sites of low electron density.99 Tertiary amines are 
widely used for anionic homo-polymerization as depicted in Scheme 5. The reaction 
involves zwitterion which consists an ammonium and an alkoxide group.98 
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Scheme 1.5 Reaction mechanism of Lewis based catalyzed homo-polymerization of 
epoxy resins  
Electron deficient Lewis acids such as boron trihalides can attack high electron 
density bearing oxygen atom in oxirane ring causing the rings to open to initiate the 
reaction. Several researchers studied the effect of halides on the kinetics of the 
reaction.100 Complexing BF3 with amine is well reported since it yields good shelf life 
which is beyond the scope of this work. The generalized homo-polymerization scheme of 
Lewis acid catalyzed reaction is shown in scheme 1.6. 
 
Scheme 1.6 Reaction mechanism of Lewis acid catalyzed homo-polymerization of epoxy 
resin  
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Second way to form a crosslinked network is using a co-cure agent to form 
covalent bonds across the monomers. Terminal epoxide groups and secondary hydroxyl 
groups spaced along the polymer chains are he potential sites for epoxy resin curing. 
Three dimensional infusible structure is formed when epoxy resin is reacted with a curing 
agent. Epoxide resin can react with monomers with containing active hydrogen. Certain 
monomers such as polyesters and acrylics are used as a modifying agents whereas amine, 
amides, polysulphides, anhydrides, isocyanates101,102, cyanate esters, phenolics, amino 
resins are used as crosslinking agents. In this work, we intended to study the effect of 
epoxy structure in fire properties. Hence to minimize the variation in curing agent, only 
amine-based monomers were selected as crosslinkers. A typical epoxy amine curing 
reaction is show in Scheme 1.7.19,20,102  
 
Scheme 1.7 Reaction mechanism of Epoxy resin crosslinked with primary and secondary 
amine. 
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Both catalyst aided homo-polymerization and co-cure crosslinking reactions 
involves addition polymerization: there is no loss of small molecules like water, CO2 
thus leading epoxy systems with low shrinkage during curing. 97 
A versatile molecular structure can be achieved via choice of monomer, their 
stoichiometry and curing schedule which will affect the characteristics of the crosslinked 
network. Usually the stoichiometry is calculated based on the reaction between active 
hydrogen in amine group (2 hydrogens in primary and 1 hydrogen in secondary amines) 
with an epoxy group. Not to mention, certain reactions are carried out with lesser amount 
of amines to enhance the shelf life and shower the reactivity along with achieving desired 
properties.92 For these reasons, epoxy networks are extremely versatile thermosets. 
The ratio of resin to hardener has a strong effect on the structure of the cursed 
systems and its physical characteristics. The extent of cross-linking is a measure of the 
degree of cure. The most important properties are obtained at maximum crosslinking.92 
Along with stoichiometry, the curing temperature largely influences the crosslink density 
achieved. Heating increases the molecular mobility resulting in higher crosslink density 
along with condensation reactions happening with the hydroxyl groups present in the 
backbone of the polymer. In the context of the work in this chapter, only epoxy- amine 
networks crosslinked in stoichiometric quantities will be discussed. The curing 
temperature was chosen according to the suppliers recommendation along with 
examining the crosslinked networks for free epoxide groups in FTIR. 
Epoxy resins are well known for its high chemical resistance, mechanical and 
thermal properties. The degree of crosslinking affects the properties. Heat resistance of 
epoxy networks are directly related to the chemical structure, molecular weight between 
 35 
crosslinks, stoichiometry and degree of crosslinking. The crosslinked nature enhances the 
resistance to softening at elevated temperatures. The crosslinked nature enhances the 
resistance to softening and deformation at elevated temperatures.  
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CHAPTER II – PEG MODIFIED THIOL-ENE NETWORKS FOR ADVANCED 
CONTROL OF CO2 GAS SEPARATION FROM OTHER LIGHT GASES 
Abstract 
Polyethylene glycol (PEG) based membranes have been studied and employed for 
separation of CO2 from the light gases such as N2, O2, CH4, H2 etc.  In addition to its high 
critical temperature, CO2 can weekly interact with polar PEG moieties and these two 
factors result in far greater solubility and permeability of this ‘acidic’ gas as compared to 
other light gases. Previously we demonstrated the use of UV-curable thiol-ene click 
chemistry to prepare highly gas permeable, elastomeric network membranes which, 
however, contained rather large loadings of PEG varying from 38 wt% to 67 wt%. 
Interestingly, CO2 gas solubility/selectivity of these membranes were comparable 
regardless of the PEG content used. So, we hypothesized that CO2-phylic effect of these 
membranes leveled off at high PEG content.  
In this study, we aimed to determine the minimum amount of PEG which has to 
be incorporated to achieve the maximum CO2 gas solubility/selectivity effect. Four types 
of networks were designed such that two of the network series contained PEG units along 
the backbone, while the PEG moieties were placed as dangling chain for other two 
network series. In order to fabricate networks containing PEG in the backbone, the ene 
monomer was crosslinked with a PEG containing dithiol whose concentration was 
gradually increased replacing the non-PEG based thiol while maintaining 1:1 thiol-ene 
stoichiometry. Networks containing PEG in the dangling chains were fabricated via 
twostep process. In the first step, PEG containing thiol monomer was synthesized by 
addition of monofunctional PEG acrylate to a multifunctional thiol monomer via thio-
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Michael addition reaction. A 1:1 stoichiometry of acrylate to thiol monomers enabled 
single thiol site to be modified allowing the other thiol functional groups to take part in 
the network formation reaction with ene monomer. These designs enabled to explore the 
concentration of PEG from 0 to 25 wt% of PEG with networks with varying 
architectures. All these crosslinked networks were fabricated via UV initiated photo 
polymerization of thiol and ene monomers.  
All the four types of network designs exhibited different network properties 
araising from the structural difference. All these networks differed in properties such as 
glass transition temperature, and free-volume. One of the network contaning PEG in the 
backbone showed a crystalization tendency while other networks were amorphous in 
nature. Despite of these differences in network characteristics, gas permation 
measurements demonstarted that CO2 gas solubility/selectivity increased with PEG 
weight content reaching the maximum effect at about 10 wt%. Increasing PEG content in 
beyond 10 wt%, however, produced no further changes in CO2 gas solubility/selectivity 
in accord with our hypothesis. Eventhough there were differences in gas transport values, 
the CO2/light gas selectivity followed a master trend for all the networks explored in this 
study.   
2.1 Background  
The weak acid-base interaction between polar ether groups and the acidic CO2 gas 
has been utilized to enhance the permeability selectivity via tuning the solubility 
selectivity. Unfortunately, the flexibility and polar groups in PEO allow it to pack 
efficiently which leads to chain crystallization. Any crystalline region is effectively 
inaccessible volume for the permeating gas. As mentioned previously, the economic 
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viability of a membrane can be quantified using a selectivity plot where the membrane 
should possess high permeability along with high selectivity. Since pure PEO materials are 
crystalline, despite of having high selectivity for CO2 gas, the permeability is lower making 
it unsuitable for separation processes by itself.  
Thus, several polymer structural design strategies have been investigated including 
the use of low molecular weight poly(ethylene glycol), blending,46,103–109 
copolymerizing110–122  and crosslinking 46,49,55,123–129 to suppress crystallization.  
In the cross-linking strategy, typically a mixture of difunctional and 
monofunctional PEG acrylates are UV cured together. However, it has been shown that  
thiol-ene networks are superior due to low oxygen inhibition during polymerization, low 
shrinkage upon curing, and  network homogeneity. These properties can be taken 
advantage of to produce amorphous PEG based UV curable thiol-ene elastomeric 
network membranes. In this method, PEG based dienes, were cross-linked with 
trifunctional thiols. To decrease the cross-link density of the membranes, the ratio of 
trifunctional thiol to PEG based bifunctional thiol was decreased, while maintaining 1:1 
thiol: ene stoichiometry. This also led to simultaneous increases in PEG content. The 
cross-link junctions in PEG based membranes restrict the mobility of the chains, thereby 
preventing the crystallization of PEG. In the absence of crystallinity, these cross-linked 
PEG networks are elastomeric in nature because of the highly flexible nature of PEG 
moieties. Typically, decreasing the cross-link density is the strategy used to increase gas 
permeability of these PEG based network membranes. It is well known that, for 
elastomers, as cross-link density is decreased, free volume increases, which then results 
in gas diffusivity increase and thereby gas permeability increase. Considering that 
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changes in cross-link density also lead to simultaneous changes in PEG content within 
the membranes, it was possible to study the gas transport parameters as a function of PEG 
content. The thiol-ene membrane control which contained no PEG moieties had much 
lower CO2 solubility (and selectivity) value in comparison to the PEG based thiol-ene 
membranes, but to our surprise changing PEG content between 38 wt% and 67 wt% had 
no effect on CO2 solubility, and therefore we hypothesized that the solubility of CO2 
levels off at some value below 38%.  
Thus the goal of this work was to identify minimum amount of PEG required to 
achieve the maximum value of CO2 solubility. Obviously, the amount of PEG required 
for maximizing CO2 solubility would also depend on the CO2 pressure (or partial 
pressure) in the feed. Once the minimum PEG required for maximum CO2 solubility (and 
selectivity) is identified, the future research can focus on developing hybrid membranes, 
where a portion of the membrane will be the necessary PEG content required to impart 
the CO2 selectivity feature to the membranes, and the remaining portion of the 
membranes can be made of moieties which can produce highly permeable membranes.     
2.2 Experimental  
2.2.1 Materials  
Aliphatic, 1,9-decadiene (DDE) was obtained from TCI America. Trifunctional 
thiol cross-linker, trimethylolpropanetri (3-mercaptopropionate) (3T) was provided by 
Bruno Bock. PEG containing dithiol, 2,2’- (Ethylenedioxy) diethanethiol (EDDT) and 
photo-initiator, 2,2-Dimethoxy-2-phenylacetophenone were obtained from sigma 
Aldrich. The structures of all chemicals are shown in Figure 1. The gases used in this 
study, CO2, H2, CH4, O2 and N2, were obtained from Airgas. The purity of all gases was 
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higher than 97.5%. The monomers, gases and the photo-initiator were used as received 
without any further purification.     
 
Figure 2.1 Dependence of solubility on critical temperature. Shown here is the solubility 
values for UV-curable thiol-ene flouro-polymeric networks  
2.2.2 Synthesis of PEG modified thiol monomers  
Tri and di functional thiol monomers with ethylene glycol (PEG) moiety  dangling 
chain end were synthesized subsequently from 4T and 3T thiol monomers  via thio-Micheal 
addition reaction in presence of a nucleophilic catalyst as in Scheme 2.1.   
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Scheme 2.1 Thio-Micheal addition reaction used to attach PEG containing 
monofunctional acrylate. 
Required quantities of tetrafunctional and trifunctional thiol monomers were 
placed  in a flask. Approximately 1 wt% of dibutyl amine (nucleophilic catalyst) was 
added into the flask and mixed thoroughly with a magnetic stirrer. Calculated quantities 
of the monofunctional PEG containing acrylate was  then added to the flask at 0.1 
mL/min and the reaction mixture was allowed to stir overnight to ensure complete 
conversion of the acrylates. Solvents such as acetone was added in excess to ensure 
sufficient mixing of the monomers which was then removed under high vacuum after the 
course of the reaction. Monofunctional acrylate quantities were calculated such that only 
one of the thiol monomer functionalities was modified while leaving the other 
functionalities available for further crosslinking with alkene. 
Formation of modified monomer was confirmed using 1H NMR technique 
through the disappearance if acrylate peaks at 6 ppm.  0.1 ml of the synthesized monomer 
 42 
was dissolved in chloroform-d and exposed to a Varian Mercury 300 MHz. Shown below 
is the NMR spectrum for the unmodified and modified monomer, where the 
disappearance of acrylate peaks (at 6ppm) confirms the completion of the monomer 
synthesis. In addition to one functional modified thiol monomer, the existence of di, tri 
and tetra modified thiol monomer is equally probable. Statistical distribution was 
quantified through MALDI-TOF and the concentration of mono-modified thiol monomer 
is high about 84% through some scouting work done earlier in our group (results not 
shown here). Thus, we assume that the majority of the modified monomer contains 
mono-modified thiol monomer.   
14 12 10 8 6 4 2 0 -2
Modified trifunctional thiol
ppm
Modified difunctional thiol
Monofunctional PEG Acrylate 
 
Figure 2.2 1H NMR spectra of unmodified (bottom) and modified (red and blue) thiol 
monomer  
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2.2.3 Membrane fabrication and network formation 
Rational for the design: To the best of our knowledge, most literature focuses 
strategies on preventing crystallization while incorporating maximum PEG units. Earlier 
work in our group, Kweisnek etal.,130 (BPEG-TEGDVE in Figure 4) studied the effect of 
increasing PEG units in the backbone along with decreasing the crosslink density. In the 
work, PEG content within the membranes was varied between 38 wt% to 67 wt%, and 
the solubility of CO2 gas leveled of at that low concentration. We hypothesized that the 
solubility of the membranes levels off at some values below 38 wt% and thus the goal of 
this work was to identify the minimum amount of PEG required for achieving maximum 
CO2 solubility. We intended to study if that minimum concentration is altered if the PEG 
is present in the backbone versus dangling chain end, with and without altering the 
crosslink density and with increasing chain rigidity of the networks.  
Four design strategies were utilized, where in the first design followed a similar 
strategy as reported in Kweisnek work, but instead of a PEG based diene an aliphatic 
diene was used. This allowed to explore the amount of PEG to be varied from 0 to 25 
wt% along with changing the crosslink density. The second strategy was to explore the 
lower PEG content with more rigid networks without changing the crosslink density. This 
was achieved using a trifunctional ene and a PEG containing dithiol as crosslinker. In 
third and fourth design the effect of PEG when present as dangling chain end was 
explored. Thiol monomers where modified with PEG units, as described earlier, and this 
was used as crosslinker. For more rubbery networks containing PEG as dangling chain, a 
difunctional ene was utilized, whereas for a rigid network, a trifunctional ene was 
utilized. 
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The naming scheme was adopted such that each network can be identified with 
the monomers used along with the placement of PEG either in backbone or as dangling 
chain.  The prefix B or D in the naming scheme represents the location of PEG units if 
present in backbone or as dangling chain respectively. This is followed by the thiol 
crosslinker used which has the downward arrow indicating that this monomer is partially 
replaced by a PEG containing thiol crosslinker indicated in the successive with an 
upward arrow. The type of ene used in the networks follows the forward slash after the 
PEG containing thiol crosslinker. The suffix numbers indicate the amount of PEG weight 
percentage used in that particular type of network. For instance, B-3T↓EDDT↑/DDE-15 
indicates a network fabricated using DDE monomer crosslinked with 3T thiol crosslinker 
partially replaced with PEG containing thiol, EDDT such that the PEG content of 15 wt% 
is present in the backbone. The calculated weight percentage exhibited linear relationship 
with molar content of PEG as shown in the Figure 2.3. To mention, all DDE containing 
networks are more rubbery compared to the TTT containing rigid networks (still in 
rubbery regime). Within the series of designs, the effect of varying the junction points is 
also explored. For instance, B-3T↓EDDT↑/DDE systems which has PEG in the backbone 
explores the effect of crosslink density whereas systems with B-HDT↓EDDT↑/TTT, the 
crosslink density remains constant within the serious of networks. The monomers used 
for all the designs are shown in Figure 2.4 along with network naming schemes. The 
quantity of thiol crosslinker (with upward arrow in the figure 4) was altered such that the 
PEG concentration increased without alerting thiol-ene 1:1 stoichiometry.       
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Figure 2.3 Linear dependence on PEG weight % and PEG molar content 
 
All membranes were prepared in a similar fashion demonstrated by  Kweisnek et 
al.131 where thiol and ene monomers were added in stochiometric quantities along with 1 
wt% DMPA photo- initiator in a vial relative to the total amount of thiol and ene, which 
was mixed in vortexer  followed by sonication (using a general purpose, cleaning type 
sonicator) for about 10 minutes to ensure that photo-initiator was dissolved and to 
remove any air bubbles trapped in the mixture. This homogeneous, bubble free mixture 
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was poured onto a glass plate. Another glass plate was then placed on top of the mixture. 
Spacers were placed between the glass plates to control the thickness of the membranes 
to be around 0.5 mm. The films were polymerized by exposure to 365 nm UV light 
(UVA400 UV, Cure-Tek curing systems with  intensity 76 mW/cm2) for 1 minute, 
followed by flipping of glass plates and curing for additional 3 minutes to ensure that 
monomer conversion reaches near 100%. The curing reaction was very rapid such that 
the liquid mixture of monomers typically turned into a solid polymeric network within 1 
minute of UV exposure. Glass plates were coated with a hydrophobic surfactant (Rain-X) 
to allow for easy removal of cured polymer after UV exposure. All prepared membranes 
were  saturated at room temperature and humidity for at least 12 hours before performing 
any test. 
Table 2.1 Critical temperature and kinetic diameter of various gases of interest 
 
Sample Identity  
Formulation (wt%) PEG 
content 
(wt%) 
PEG content 
(mol/cc)x 10-4 
Theoretic
al Mc 
(g/mol) TEGDVE 3T EDDT 
B-3T↓EDDT↑/TEGDVE-38 43.23 56.77 0.00 38 103.0 467 
B-3T↓EDDT↑/TEGDVE-39 43.61 54.42 1.97 39 n/d 488 
B-3T↓EDDT↑/TEGDVE -40 44.01 52.02 3.97 40 n/d 511 
B-3T↓EDDT↑/TEGDVE -43 44.82 47.10 8.08 43 117.5 564 
B-3T↓EDDT↑/TEGDVE -49 46.54 36.68 16.78 49 131.4 724 
B-3T↓EDDT↑/TEGDVE 55 48.40 25.43 26.17 55 144.1 1040 
B-3T↓EDDT↑/TEGDVE 62 50.41 13.24 36.34 62 163.7 2010 
B-3T↓EDDT↑/TEGDVE 63 50.94 10.04 39.02 63 167.9 2650 
B-3T↓EDDT↑/TEGDVE 65 51.48 6.76 41.75 65 172.0 3930 
B-3T↓EDDT↑/TEGDVE 66 51.76 5.10 43.14 66 174.5 5210 
B-3T↓EDDT↑/TEGDVE 67 52.04 3.42 44.55 67 176.2 7770 
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Table 2.2 Formulation details for set B-3T↓EDDT↑/DDE-X 
Sample Identity  
Formulation (wt%) PEG 
content 
(wt%) 
PEG content 
(mol/cc)x 10-
4 
Theoretical 
Mc (g/mol) 1,9-DDE 3T EDDT 
B-3T↓EDDT↑/DDE -0 34.2 65.8 0.0 0.0 0.0 404.0 
B-3T↓EDDT↑/DDE -1 34.6 63.1 2.3 1.1 2.8 426.6 
B-3T↓EDDT↑/DDE -2 34.9 60.4 4.6 2.2 5.6 451.2 
B-3T↓EDDT↑/DDE -5 35.7 54.9 9.4 4.5 11.4 484.0 
B-3T↓EDDT↑/DDE -10 37.3 43.0 19.7 9.5 23.5 617.7 
B-3T↓EDDT↑/DDE -15 39.1 30.0 30.9 14.9 35.8 884.8 
B-3T↓EDDT↑/DDE -21 41.0 15.8 43.2 20.9 52.2 1686.9 
B-3T↓EDDT↑/DDE -24 42.0 8.1 49.9 24.1 60.0 3288.9 
B-3T↓EDDT↑/DDE -26 42.6 4.1 53.3 25.7 64.1 6494.4 
B-3T↓EDDT↑/DDE -28 43.1 0.0 56.9 27.5 68.4 Linear 
 
 
 
Table 2.3 Formulation details for set B-HDT↓EDDT↑/TTT- X 
Sample Identity  
Formulation (wt%) PEG 
content 
(wt%) 
PEG content 
(mol/cc)x 10-
4 
Theoretical 
Mc (g/mol) TTT HDT EDDT 
B-HDT↓EDDT↑/TTT -0 52.5 47.5 0.0 0.0 0.0 316.0 
B-HDT↓EDDT↑/TTT -1 52.2 44.9 2.9 1.3 3.8 318.3 
B-HDT↓EDDT↑/TTT -3 52.0 42.3 5.7 2.7 7.7 320.6 
B-HDT↓EDDT↑/TTT -5 51.5 37.2 11.3 5.4 15.2 322.9 
B-HDT↓EDDT↑/TTT -11 50.5 27.4 22.1 10.6 30.3 329.3 
B-HDT↓EDDT↑/TTT -16 49.5 17.9 32.6 15.7 44.6 335.7 
B-HDT↓EDDT↑/TTT -21 48.6 8.8 42.6 20.6 59.3 342.1 
B-HDT↓EDDT↑/TTT -25 47.7 0.0 52.3 25.3 72.9 348.5 
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Table 2.4 Formulation details for set D-3T↓4TPEG↑/DDE-X 
Sample Identity  
Formulation (wt%) PEG 
content 
(wt%) 
PEG content 
(mol/cc)x 10-
4 
Theoretical 
Mc (g/mol) 1,9-DDE 3T 4T-PEG 
D-3T↓4TPEG↑/DDE -0 34.2 65.8 0.0 0.0 0.0 404.0 
D-3T↓4TPEG↑/DDE -2 33.6 61.3 5.2 1.8 4.5 404.0 
D-3T↓4TPEG↑/DDE -4 32.9 57.0 10.1 3.5 8.9 404.0 
D-3T↓4TPEG↑/DDE -7 31.7 48.8 19.5 6.8 17.1 404.0 
D-3T↓4TPEG↑/DDE -13 29.6 34.1 36.3 12.7 31.1 404.0 
D-3T↓4TPEG↑/DDE -18 27.7 21.3 51.0 17.9 41.6 404.0 
D-3T↓4TPEG↑/DDE -22 26.0 10.0 64.0 22.4 51.7 404.0 
D-3T↓4TPEG↑/DDE -26 24.6 0.0 75.4 26.4 60.9 404.0 
 
 
 
Table 2.5 Formulation details for set D-3T↓4TPEG↑/DDE-X 
Sample Identity  
Formulation (wt%) PEG 
content 
(wt%) 
PEG content 
(mol/cc)x 10-
4 
Theoretical 
Mc 
(g/mol) TTT HDT 3T-PEG 
D-HDT↓3TPEG↑/TTT -0 52.51 47.49 0.00 0.0 0.0 316.0 
D-HDT↓3TPEG↑/TTT -2 48.50 41.67 9.83 1.8 4.3 342.0 
D-HDT↓3TPEG↑/TTT -4 45.06 36.68 18.27 3.5 8.2 368.0 
D-HDT↓3TPEG↑/TTT -7 39.46 28.55 31.99 6.8 16.1 421.1 
D-HDT↓3TPEG↑/TTT -13 31.60 17.15 51.25 12.7 30.1 525.8 
D-HDT↓3TPEG↑/TTT -18 26.36 9.54 64.11 17.9 37.6 630.5 
D-HDT↓3TPEG↑/TTT -22 22.60 4.09 73.31 22.4 54.7 735.1 
D-HDT↓3TPEG↑/TTT -26 19.79 0.00 80.21 26.4 57.9 839.8 
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Figure 2.4 Corresponding network monomers and naming scheme used in chapter 2 
2.2.4 Characterization 
The cure kinetics were measured by monitoring thiol and ene functional group 
conversions using a Thermo Fisher Scientific Nicolet 8700 real-time FTIR spectrometer 
modified with a custom-made setup of a fiber-optic cable, with light intensity of 20 
mW/cm2 at 365 nm irradiance. A drop containing stochiometric quantities of monomers 
along with photo-initiator was sandwiched between KBr salt plates and was subjected to 
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FTIR analysis. Baseline spectra with neat KBr plates were taken prior to sample runs to 
minimize the error through salt plate contamination if any. The change in area under the 
peak as a function of irradiation time was used to monitor the disappearance of thiol (-
SH) groups (peak at 2570 cm-1) and ene ( C=C) groups (peak at 3080 cm-1). 
The density of the crosslinked polymer samples was measured by hydrostatic 
weighing using a Mettler Toledo Balance (Model XS-104) equipped with density kit 
which uses Archimedes principle. The film density was calculated automatically by the 
balance through the following equation. 
𝜌𝑃 =
𝑊𝐴
𝑊𝐴 − 𝑊𝐿
⋅ 𝜌0 
Where, WA is the polymer weight in air, WL is the samples weight in the auxiliary liquid, 
and 𝜌0 is the density of the auxiliary liquid. Deionized water was used as the auxiliary 
liquid with 𝜌0 of 0.997 g/mL. 
Determination of average thickness of the membrane to was crucial to calculate 
reliable values of permeability (P) and diffusivity (D). Earlier work in our group, Sekelik 
etal.,132 modeled the diffusion flux of a membrane by varying the periodic thickness of 
the membrane. The results reveal that the effect of thickness variation on diffusion flux 
become perceptible when the thickness variation is 30% and higher. Thus, thickness of 
the membrane becomes the key parameter in dictating the accuracy of P and D 
calculation. Since the network in our study is rubbery, using a caliper would be 
inappropriate which would lead to greater error and special care was taken to measure the 
average bulk thickness as described below. The bulk thickness (l) of the membrane was 
measured by estimating the density of the membrane with specific surface area. Circular 
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disks of about 5.0715 cm2 were carefully cut from the crosslinked polymer and weighed 
using a balance with accuracy of three decimal points. Bulk thickness was estimated 
through the simple relationship shown below. 
𝜌𝑃 =
𝑊
𝑉
 
𝑉 = 𝐴 ⋅ 𝑙 
𝑙 =
𝑊
𝜌𝑃 ⋅ 𝐴
 
 
Where, 𝜌𝑃 is the measured density of the polymer, W is the mass of sample of 
known area, V is the volume which can be expressed as product of area (A) times 
thickness(l). This method was chosen to eliminate the manual error caused while using a 
caliper. 
Thermal transitions were determined using a TA instruments Q200 differential 
scanning calorimeter (DSC). About 5 to 8mg of the crosslinked polymer was subjected to 
DSC analysis. Thermal history was erased by heating the sample up to 90°C at a rate of 
10°C/min followed by quenching to -80°C at a rate of 5°C/min. The samples were then 
heated from -80°C to 90°C at the rate of 5°C/min and second heating scans were used to 
calculate the glass transition temperature of all the samples. 
Dynamic mechanical thermal analysis (DMTA) was performed using Rheometric 
scientific DMTA V instrument equipped with a film fixture for tensile mode testing and a 
gas cooling accessory.  Rectangular segments of 100 mm x 2 mm in dimensions were 
carefully cut and subjected to DMTA analysis. Temperature was lowered to -80°C and 
isothermally held for a period of 5 min before the temperature was increased to 90°C at a 
ramp rate of 5°C / min. Test was performed in a controlled strain (0.01%) with a 
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frequency of 1.0 Hz. Storage (E’) and loss (E’’) moduli and loss factor, tan δ (=E’’/E’), 
were record as a function of temperature. The glass transition temperature (Tg) was 
determined as the peak maximum of tan δ versus temperature curve. 
X-Ray Scattering analysis was performed using Xeuss 2.0 system (Xenocs, 
France) (λ = 0.152 nm). The instrument uses a Pilatus 100K detector to detect the 
transmitted scattered radiation. The scattering experiments were conducted in room 
temperature, under vacuum, and the sample to detector distance was 158 mm, which was 
obtained by analyzing a Silver behenate calibration sample. X-Ray exposure time was 
120 seconds for each sample. 
Permeability of several pure gas through membranes were determined using a 
custom-built constant volume variable pressure (CVVP) apparatus described elsewhere127 
and a detailed description of the facility used in this study is available in chapter 7 of this 
thesis. The permeation cell is a stainless-steel filter holder from Millipore Corporation 
with an area of 13.8 cm2. The polymer membranes were cut out in circular shape of about 
an area of 15 cm2 and the O-ring in the permeation cell was in direct contact with the 
polymer films to make sure the testing gas passes only through the membrane.  After the 
membranes were mounted in the permeation cell, both upstream and downstream 
volumes were evacuated to vacuum using a vacuum pump overnight to degas the film.  
Permeation experiments were carryout out at an upstream pressure of around 3.47 atm 
and the temperature of the permeation cell was maintained at 23°C using a recirculating 
water as a chiller. The permeation cell was equipped with a slot for thermocouple to 
monitor the temperature of the cell and this was considered to be the temperature of the 
membrane.  Five different gases, (CO2, O2, CH4, N2 and H2) were tested individually and 
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the purity of the gases were reported above 99.8%. The pure gas was purged and held at a 
constant pressure, and the increase in pressure in the known downstream volume was 
recorded as a function of time. The leak rate in the system was always measured before 
starting to record the downstream volume increase.  
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Figure 2.5 Representative plot of standard upstream and downstream pressure versus 
time collected during CVVP test 
All membranes showed a typical Fickian behavior with well-defined steady state 
slopes as shown in Figure4.Gas permeability was calculated from the steady state 
pressure increase in the fixed downstream volume as shown in the equation below. 
𝑃 =
𝑉𝐷𝑙
𝑝2𝐴𝑅𝑇
[(
𝑑𝑝1
𝑑𝑡
)
𝑠𝑠
− (
𝑑𝑝1
𝑑𝑡
)
𝑙𝑒𝑎𝑘
] 
Were 𝑉𝐷 is the known downstream volume, 𝑙 is the film thickness, 𝑝2 is the 
upstream pressure, 𝐴 is the area of gas exposure, 𝑅 is the gas constant, 𝑇 is the 
temperature of the membrane while testing. (
𝑑𝑝1
𝑑𝑡
)
𝑠𝑠
 and (
𝑑𝑝1
𝑑𝑡
)
𝑙𝑒𝑎𝑘
 are the steady state 
rates of pressure in the downstream volume at a fixed upstream pressure and in vacuum 
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respectively. (
𝑑𝑝1
𝑑𝑡
)
𝑙𝑒𝑎𝑘
 was not more than 5 % than (
𝑑𝑝1
𝑑𝑡
)
𝑠𝑠
 and was usually neglected in 
our calculations. The downstream pressure was measured in torr, which was very low 
compared to the upstream which was usually measured in atmospheres. (1 torr= 1.3 x 10-3 
atm). 
Diffusivity (𝐷) was calculated from time lag values, tL, using the equation shown 
below.  
𝐷 =
𝑙2
6𝑡𝐿
 
Since non-porous membranes follows solution-diffusion mechanism, solubility 
(𝑆) was calculated from the measured permeability (𝑃) and diffusivity (𝐷) values using 
the equation below. 
𝑆 =
𝑃
𝐷
 
 
Gas solubility was determined using a dual-volume apparatus based on the 
barometric pressure decay method. The description of the facility used in this work is 
detailed in chapter 7 in this thesis. The apparatus consists of two cell chambers of known 
volume isolated by a valve, a sample chamber containing polymer films and a charge 
chamber which is connected to the gas cylinder. Both cells along with polymer sample 
were degassed at least 12 hours prior to test. The whole setup was immersed in a water 
bath to maintain constant testing temperature. 
The sample chamber is evacuated and then isolated from the charge chamber, 
which is subsequently charged with a target gas at known pressure.  The valve between 
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the charge and sample chamber is opened briefly to introduce the gas to the sample 
chamber. The decrease in pressure in both chambers is monitored as a function of time 
after isolation of chambers. The difference between the initial pressure and the final 
pressure in the charge chamber can be used to calculate the number of moles of gas 
admitted into the sample chamber. As the polymer sample sorbs as, the pressure in the 
gas phase of the sample chamber decreases. When the pressure in the sample chamber 
reaches state, the polymer has sorbed all of the gas molecules that it can at that particular 
pressure. Through the equilibrium pressure in the sample chamber, the number of moles 
of gases in the gas phase can be calculated.  The above protocol is followed to obtain the 
moles of sorbed gas at higher pressure.  
Positron Annihilation Lifetime Spectroscopy (PALS) was used to quantify the 
average free volume hole size of the membranes. In this technique, a positron source, a 
Na22 salt, is sandwiched between 2 polymer discs having dimensions, 1 cm diameter and 
1 mm thickness. Positron gets thermalized with an electron from polymer to form 
positronium. A positronium species in which both electron and positron have spins in the 
same direction is called ortho-positronium (o-Ps). o-Ps localizes in the less electron dense 
regions i.e. free volume holes. o-Ps gets annihilated when it comes in contact with an 
electron from the wall of the free volume hole. Therefore, the lifetime of o-Ps will be 
proportional to the physical size of the free volume hole. Using the semi-empirical 
equation shown in eq. 1, the average radius of the free volume holes R can be obtained 
from the lifetime of o-Ps τ3.133    
𝜏3 = 0.5 [1 −
𝑅
𝑅0 + 𝑅
+
1
2𝜋
sin (
2𝜋𝑅
𝑅0 + 𝑅
)]
−1
 𝑛𝑠 
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Where R0 = 0.1656 nm is the empirically derived electron layer thickness. 
Assuming the free volume holes are spherical, the average volume of free volume holes 
was calculated ass 
< 𝑣ℎ > =
4
3
𝜋𝑅3 
PALS measurements were carried out under vacuum over a temperature range of -
40° C to 40° C with 5° C intervals. PALS spectrum was collected for 3600 seconds at 
each temperature to get at least 1 million incidences. Three temperature sweeps were 
performed to obtain average and standard deviation values of <vh> at each temperature. 
Each PALS spectrum was fit and deconvoluted to obtain o-Ps lifetime τ3  values using 
PATFIT-88 software.134 
An average of at least 3 runs was reported as final values for gas transport and 
free volume data. The error was calculated form the standard deviation for those 
parameters which was measured. For calculated parameters such as selectivity, standard 
propagation of error was calculated, where uncertainties of all relevant measured 
parameters propagate and contribute to the uncertainty of the parameters of interest.135 
2.3 Results and discussion  
2.3.1 Fourier Transform Infrared Spectroscopy (FTIR) 
Real time FTIR was used to probe the conversion of thiol and ene monomers. 
Monomer conversations were calculated through the determination of the decrease of 
peak area of monomers upon time. Figure 2.6 shows the Real time FTIR spectrum of a 
representative network from which the thiol stretching at 2570 cm-1 and ene stretching at 
3080 cm-1 was monitored over time after exposing to UV light. The differences in area 
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between the initial and the final peaks gave the extent of conversions of the monomer. 
The peak area decreased very rapidly upon UV light exposure for less than 3 min for all 
networks, which indicates the fast cure kinetics of thiol-ene networks.1  
 
Figure 2.6 Representative Realtime FTIR plot to calculate the monomer conversion. 
 
Figure 2.7 shows within few seconds at least 95% of thiol and ene functional 
groups reacted in all the formulations. Inset in the figures shows the decrease in peak area 
of monomers upon UV irradiation time which  was used to calculate the percentage 
conversions. The conversion results indicated that the network membranes are formed 
within few seconds of UV exposure. Within DDE containing networks (B-
3T↓EDDT↑/DDE and D-3T↓4TPEG↑/DDE), as the PEG containing thiol content 
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increased, the conversions were more rapid which is attributed to the increased chain 
mobility (decreased crosslink density). Systems containing tri-functional ene (B-
HDT↓EDDT↑/TTT and D-HDT↓3TPEG↑/TTT) reached rapid conversions upto 90% and 
upon further exposure to UV light, the conversion gradually reached above 95% over 
time, but the difference is in minus scale. This is attributed to the chain vitrification 
caused by the aromaticity in the ene. Though network membranes containing higher 
bifunctional thiol monomers in B-3T↓EDDT↑/DDE systems (i.e. samples 20.9%, 24.1%, 
25.75%) showed the presence of crystalline domains at room temperature, the 
presence/formation of crystalline domains did not seem to have any effect on network 
formation/functional group conversion. 
 59 
 
Figure 2.7 Real time FTIR of thiol and Ene monomers. Inset shows the decrease in peak area of 
monomers upon UV exposure. 
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2.3.2 Investigation of Thermal transitions 
Figure 2.8 presents differential scanning calorimetry (DSC) thermograms (2nd 
scan) for various network designs (B-3T↓EDDT↑/DDE, B-HDT↓EDDT↑/TTT, D-
3T↓4TPEG↑/DDE and D-HDT↓3TPEG↑/TTT). Glass transition temperatures (Tg) 
reported in Table 2.6 represents the midpoint of the transitions in Figure 2.8. The first 
heating and the second heating scans were consistent reflecting a lack of thermal history 
effects on Tg for these rubbery polymers. Except for the network B-3T↓EDDT↑/DDE, all 
the other systems didn’t show any crystalline transitions at room temperature (23 °C). 
Earlier in our groups, we were able to demonstrate that by using thiol-ene chemistry even 
at very low cross-linking density, stretchable (mechanically robust) and  completely 
amorphous PEG based membranes can be prepared.3 In general, a unit cell of  PEO 
crystals in the unit cell contains 7 PEO repeating units which undergoes 2 turns ( 7/2 
helix structure).4 With the crosslinked thiol-ene systems in this study, regularly spaced 
bulky thioethers which behaves as defects, and along with the fast kinetics of this thiol-
ene chemistry disrupts the packing of 7 consecutive ethylene oxide units as needed to 
form a crystal unit cell. Additionally, crosslinking may reduce conformational freedom of 
PEO chains to perfectly arrange into a unit cell thus suppressing the formation of PEO 
crystals. However, every compositions of  B-3T↓EDDT↑/DDE systems showed 
crystallinity (Figure 8a), and the crystalline melting peaks were above testing temperature 
for those systems containing low crosslink densities. A brief discussion on the 
crystallinity of these networks is presented in section 4.1.4. All other systems (except for 
B-3T↓EDDT↑/DDE) did not crystallize in the temperature range between -90°C and 
90°C.   
 61 
Figure 2.8 (a) and Table 2.6 (a) shows that the B-3T↓EDDT↑/DDE network 
membranes had Tg lower than   -37 °C. With increasing concentration of bifunctional 
monomer (or PEG content), the glass transition temperatures of the membranes shifted to 
lower temperatures (Figure 2.8(a) and Table 2.6). As the PEG content increased, the 
degree of cross-linking of the membranes decreased (or MC increased) in this system 
which coupled with the flexibility associated with the ether linkages, causing the 
lowering of Tg.  
 
Figure 2.8 DSC thermograms of all networks(2nd heat). Curves are offset vertically for clarity. 
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Figure 2.8 (b) and Table 2.6(b) presents DSC thermograms of B-HDT↓EDDT↑/TTT 
systems, where  the Tg  values are higher than the  B-3T↓EDDT↑/DDE (backbone PEG 
with difunctional ene), but still in the rubbery regimes. B-HDT↓EDDT↑/TTT were more 
rigid as compared to B-3T↓EDDT↑/DDE mainly due to the trifunctional ene present in 
the backbone. These networks show a decrease in Tg despite of having a similar crosslink 
density. This is associated with the incorporation of ether linkages which imparts the 
flexibility to the chains thus decreasing the Tg  of these materials.  
Figure 2.8 (c) and table 2.6 (c) represents the Tg  of the most rubbery networks 
where PEG is present in the dangling chain. D-3T↓4TPEG↑/DDE networks contain 
difunctional ene and modified PEG containing thiol monomers which make it possible to 
locate the PEG as free dangling chain ends. Within this system, the crosslink density is 
maintained constant (as described in experimental) while the incorporation of dangling 
chain increases the network’s chain spacing causing a reduction of Tg. as reported 
previously in our group.5 The Tg values  decreases from -37°C to -53.5°C with increasing 
dangling chain content despite of similar number of crosslink junction points. 
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Table 2.6 Glass Transition, melting temperature and enthalpy of fusion of the membranes 
obtained from second heat cycle of DSC analysis 
(a)  B-3T↓EDDT↑/DDE  (b)  B-HDT↓EDDT↑/TTT 
Sample Identity 
Tg 
(°C)  Sample Identity Tg (°C) 
B-3T↓EDDT↑/DDE -0 -37.2  B-HDT↓EDDT↑/TTT -0 9 
B-3T↓EDDT↑/DDE -1 n/d  B-HDT↓EDDT↑/TTT -1 n/d 
B-3T↓EDDT↑/DDE -2 -39.1  B-HDT↓EDDT↑/TTT -3 n/d 
B-3T↓EDDT↑/DDE -5 -40.4  B-HDT↓EDDT↑/TTT -5 -1 
B-3T↓EDDT↑/DDE -10 -41.7  B-HDT↓EDDT↑/TTT -11 -7 
B-3T↓EDDT↑/DDE -15 -43.2  B-HDT↓EDDT↑/TTT -16 -8 
B-3T↓EDDT↑/DDE -21 -45.5  B-HDT↓EDDT↑/TTT -21 -12 
B-3T↓EDDT↑/DDE -24 -52.4  B-HDT↓EDDT↑/TTT -25 -14 
B-3T↓EDDT↑/DDE -26 -53.1    
     
     
(c)  D-3T↓4TPEG↑/DDE  (d)  D-HDT↓3TPEG↑/TTT 
Sample Identity 
Tg 
(°C)  Sample Identity Tg (°C) 
D-3T↓4TPEG↑/DDE -0 -37.2  D-HDT↓3TPEG↑/TTT -0 9 
D-3T↓4TPEG↑/DDE -2 -40.1  D-HDT↓3TPEG↑/TTT -2 n/d 
D-3T↓4TPEG↑/DDE -4 -44.3  D-HDT↓3TPEG↑/TTT -4 n/d 
D-3T↓4TPEG↑/DDE -7 -46.1  D-HDT↓3TPEG↑/TTT -7 -10.1 
D-3T↓4TPEG↑/DDE -13 -50.3  D-HDT↓3TPEG↑/TTT -13 -15.3 
D-3T↓4TPEG↑/DDE -18 -53.6  D-HDT↓3TPEG↑/TTT -18 -22.5 
D-3T↓4TPEG↑/DDE -22 -54.1  D-HDT↓3TPEG↑/TTT -22 -24.6 
D-3T↓4TPEG↑/DDE -26 -53.5  D-HDT↓3TPEG↑/TTT -26 -28.1 
 
Figure 2.8(d) and Table 2.6(d) represents the thermograms for D-
HDT↓3TPEG↑/TTT networks. The decrease in Tg is mainly attributed to two factors: the 
nature of difunctional thiol containing ester groups along the backbone,3TPEG which 
partially replaced aliphatic dithiol, EDDT and secondly, the presence of PEG dangling 
chains which increased the chain packing. The synthesized PEG containing difunctional 
thiol has higher molecular chain length as compared to the aliphatic dithiol which 
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increases the molecular weight between crosslinks upon addition of PEG. This along with 
PEG as dangling chain, as mentioned earlier, increases the spacing between the chains 
leads to a greater decrease in Tg with addition of PEG containing dithiol. 
2.3.3 Dynamic-mechanical thermal properties 
DMA results provide complementary analysis to DSC results and allows 
evaluating the thermal and viscoelastic properties of the crosslinked networks. The 
crosslink density is normally determined by the storage modulus at the rubbery plateau: 
higher the level of this plateau relative to other curves, higher the number of crosslinks 
per unit volume. Thus, with increase in PEG containing dithiol the rubbery modulus 
decreases which indicates the reduction in crosslink density. The degree of homogeneity 
is usually quantified by the shape of the tan δ curve vs temperature. A narrow and 
symmetrical curve characterizes a very homogeneous material with equal distribution of 
crosslinks whereas a broad and asymmetrical curve describes a material with uneven 
distribution of crosslinks, and residual crystallinity. The intensity of maximal tan δ value 
at Tg is related to the degree of mobility of the chain segments between crosslinks at that 
temperature. Higher peak intensities reflect greater energy loss and therefore more 
viscous behavior, whereas lower intensities characterize more elastic behavior (more 
energy is stored within the material)6 
Figure 2.9 represents the DMA results of B-3T↓EDDT↑/DDE networks. Glass 
transition occurred at 21°C where a steep decrease can be observed in storage modulus. 
This transition can also be presented in the form of a peak in the tan δ vs. temperature 
plot shown in Figure 2.9 (B). Similar to the DSC results, Tg determined by tan δ peak 
decreases with the increase if PEG content, which is coupled with a simultaneous 
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decrease in crosslink density. Also, as Mc (or PEG content) was increased, an additional 
plateau region was observed between glassy and rubbery plateaus, i.e. the crystalline 
plateau. The temperature range and the modulus of this crystalline plateau increased as 
Mc was increased, which indicates the increase in size of crystals and increase in 
percentage crystallinity, respectively, as a function of Mc. This agrees well with the DSC 
results.      
Figure 2.9(b) shows that the tan δ peak reduces in height and broadens with 
increasing difunctional thiol content (or Mc). As mentioned earlier this section, this is due 
to the restricted molecular motions with increasing crystallinity.6 This has been reported 
that the peak width of  tan δ at half height broadens with crystallinity and for 
thermoplastic polymers like nylon 6, it broadens by 1°C for 1% increase in crystallinity.6 
 
Figure 2.9 DMA curves for B-3T↓EDDT↑/DDE systems. 
All the other networks, B-HDT↓EDDT↑/TTT, D-3T↓4TPEG↑/DDE and D-
HDT↓3TPEG↑/TTT, showed a unimodal tan δ curve and no secondary storage modulus 
transition indicating the network homogeneity and absence of crystalline regimes (Figure 
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2.10). Even though the crosslink junction points were identical in B-HDT↓EDDT↑/TTT 
systems (aliphatic dithiol was replaced with PEG containing dithiol), with increase in 
PEG content, the tan δ peak shifts to the left and the rubbery plateau decreases because of 
the flexible ether linkages. In D-3T↓4TPEG↑/DDE and D-HDT↓3TPEG↑/TTT systems, 
the dangling PEG chains decreased the rubbery modulus and shifted the tan δ peak to the 
left indicating an increased chain spacing with increasing PEG content. Networks 
containing DDE at high concentrations had a hump in tan δ after the maximal peak which 
we hypothesize that it was due to the presence of impurities associated with DDE 
monomer which was used without purification.  
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Figure 2.10 Storage modules (on left) and tan δ (on right) for (a)B-HDT↓EDDT↑/ TTT,                                         
(b)D-3T↓4TPEG↑/DDE & (c) D-HDT↓3TPEG↑/TTT. 
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2.3.4 Investigation of crystallinity of B-3T↓EDDT↑/DDE networks 
Typically, cross-linking is used as one of the effective strategies to prevent 
crystallization of PEG segments, and thereby increase permeability.25-34 All B-
3T↓EDDT↑/DDE networks (including the systems without PEG) showed a tendency to 
crystallize which is evident from the DSC thermograms in Figure 2.8a. Systems without 
PEG (B-3T↓EDDT↑/DDE-0), showed a low endothermic melting peak which is due to 
the high crosslink density along with smaller aliphatic chain fragments. As the PEG 
containing dithiol is introduced in the network, along with reducing the crosslink density, 
higher flexibility is introduced which allows the aliphatic chains to fold and stack-up 
which leads to crystal domains. 
Membranes containing up to 15 wt% PEG, showed a melting peak below room 
temperature. Membranes with high PEG content (high molecular weight between 
crosslinks, Mc), B-3T↓EDDT↑/DDE- 24, B-3T↓EDDT↑/DDE-26 and B-
3T↓EDDT↑/DDE-28 showed melting peak above room temperature making it translucent 
as shown in Figure 2.11. The temperature of melting endotherms (i.e. melting 
temperature Tm of the membranes) increased as the Mc was increased (Figure 2.8a and 
Table 2.6). This shows that lowering of cross-link junctions led to increase in the size of 
crystals formed in the membranes.  Also, the enthalpy of fusion increased as the Mc was 
increased, i.e. the percentage of crystalline phases (degree of crystallinity) increased as 
Mc  in the membranes was increased. When compared to the work reported by Kweisnek 
etal.,3 this series of network membranes, contains aliphatic segments (DDE) in addition to 
the PEG and thioether segments. We hypothesize that the effect of bulky thioethers is 
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partially negated by the higher flexibility imparted by aliphatic decadiene segments 
which likely facilitated the chain folding leading to the formation of crystalline domains. 
To understand the crystallization behavior, the first DSC scans were compared 
with the second heat cycle. Interestingly, there is a second phase, as seen in the second 
DSC heat scans for samples with high PEG content (B-3T↓EDDT↑/DDE-26 and B-
3T↓EDDT↑/DDE-28). We hypothesize that this is mainly related to the slow cooling 
(3°C/min) which facilitates the formation of both thermodynamic and kinetically 
favorable phases. When the sample is heated again (2nd heat), the thermodynamic 
favorable phase melts, starts recrystallizing to a kinetically favorable state which again 
melts at higher temperature (Figure 2.11).        
 
Figure 2.11 DSC first heat(on left) and DSC second heat (on the right). Curves are offset 
vertically for clarity. 
 
Wide angle X-ray analysis was performed for these samples which is shown in 
Figure 2.12. The percent crystallinity of every samples where estimated by calculating 
the area under the peak. Since the samples which was exposed to X-ray analysis was not 
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thermally treated, the crystalline values correspond to the kinetically favorable crystalline 
phase of the membranes. This is important because, all the membranes which were 
exposed to gas transport and free-volume analysis where not thermally treated and 
corresponds to the effective crystallinity as determined via X-ray analysis.  
 
Figure 2.12 Wide angle X-ray of B-3T↓EDDT↑/DDE membranes. Curves vertically stacked for 
comparison. 
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Table 2.7 Melting temperature and enthalpy of fusion of the membranes obtained from 
second heat cycle of DSC analysis. The column on the right indicates the calculated % 
crystallinity using X-ray 
sample Identity  Tm (°C) 
enthalpy of 
fusion (J/g) 
% crystallinity using X-ray 
(area under the curve) 
B-3T↓EDDT↑/DDE-0 -23.95 0.57 0.00 
B-3T↓EDDT↑/DDE -2 -22.43 2.98 0.00 
B-3T↓EDDT↑/DDE -5 -19.57 12.46 0.00 
B-3T↓EDDT↑/DDE -10 -13.59 19.76 0.00 
B-3T↓EDDT↑/DDE -15 -9.02 20.86 0.00 
B-3T↓EDDT↑/DDE -21 27.35 34.66 25.28 
B-3T↓EDDT↑/DDE -24 36.00 44.25 37.32 
B-3T↓EDDT↑/DDE -26 53.76 44.25 35.79 
B-3T↓EDDT↑/DDE -28 53.96 46.13 43.46 
 
As discussed earlier, DSC heat cycle indicates there exists two phases, a 
thermodynamic favorable phase which is denoted as α, and a kinetically favorable phase 
which is denoted as β.  To further shed lights on the crystal phases, model network (B-
3T↓EDDT↑/DDE -25.75) was annealed at 45°C for 10 min (to melt α phase), rapidly 
cooled (10°C/min) to -40°C (to restrict the formation of α phase) and subsequently heated 
to 90°C. In this first heat, we observe only the endothermic melting peaks (associated 
with the kinetically favorable phase) which confirms that annealing prevents the 
formation of two crystal phases. The same sample was further cooled to – 60°C at a much 
slower rate (5°C/min) and subsequently heated to 90°C. This heat cycle contained both 
crystalizing and melting peaks as shown in Figure 2.13. This implies that, the slower 
cooling rate facilitates the formation of two crystal phases (α and β) where the 
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thermodynamic favorable phase melts and recrystallizes to a kinetically favorable phase 
which melts at higher temperatures.    
 
Figure 2.13 Wide angle X-ray of B-3T↓EDDT↑/DDE membranes. Curves vertically stacked for 
comparison. 
The optical microscopic images are shown in Figure 2.14. As seen with increasing 
PEG content (higher Mc) the size of the crystal increases which is confirmed through the 
increased melting temperature (Tm) via DSC. The digital pictures are shown in Figure 
2.15. As seen, the membranes with high PEG content turns opaque at room temperature. 
Even though all membranes does poses some crystallinity, only membranes with high 
PEG content (B-3T↓EDDT↑/DDE-21, B-3T↓EDDT↑/DDE24, B-3T↓EDDT↑/DDE-26 
and B-3T↓EDDT↑/DDE-28) showed crystallinity at room temperature. For membranes 
with lower PEG, the crystalline melting temperature was below room temperature thus 
remained amorphous at room temperature (testing temperature). Further investigation of 
crystallinity is beyond the scope of this work  
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Figure 2.14 Optical Microscopic images at room temperature. With increasing PEG content 
(increasing Mc) the crystal size grows.. 
 
 
Figure 2.15 Digital images of B-3T↓EDDT↑/DDE at room temperature. (a) through (e) (top 
row) amorphous at room temperature. (f) through (i) opaque at room temperature. 
 
2.3.5 Free-volume analysis and dependencies of all networks  
Figure 2.16 shows the free-volume dependencies on glass transition temperature for all 
synthesized networks. It is very clear that the low Tg networks (DDE containing systems) 
had a very high free-volume as compared to the high Tg networks (TTT containing 
systems). 
 
 
 
 
 
 
 
 
 
(a) 0% (b) 2% (c) 5% (d) 10% (e) 15% 
(g) 24% (f) 21% (h) 26% (i)28% 
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Figure 2.16 Free-volume plotted as a function of glass transition temperature. 
 
Within a particular networks, the increase in free-volume is associated for various 
reasons. In B-3T↓EDDT↑/DDE systems, with increasing PEG content <vh> values 
increased mainly due to the decreasing cross-link density. With further increase in PEG 
content, the membranes were semi-crystalline at room temperature (from DSC results). 
We expect the presence of crystalline domains will led to decrease in free-volume. 
However, o-Ps can form only in amorphous regions within the sample, therefore the 
presence of crystalline domains in samples did not influence o-Ps lifetimes. Therefore, 
crystallinity showed no effect on free volume quantity <vh> measured using PALS. <vh> 
trend was just a reflection of how decreasing cross-link density resulted in free volume 
increase in the amorphous regions of the membranes.  
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In B-HDT↓EDDT↑/TTT systems, the addition of PEG units causes increases in 
flexibility with negligible increase in molecular weight between crosslinks. With increase 
in PEG content, the free-volume increases.  
In systems with PEG in dangling chains (D-HDT↓3TPEG↑/TTT and D-
3T↓4TPEG↑/DDE), even though the crosslink density is theoretically unaltered, the 
increase in free-volume with increase in dangling chain content is mainly due to the 
distortion of chain packing cause by the free moving chain ends. Thus, the glass 
transition temperature decreases with increasing dangling chain content. To note, the 
synthesized modified monomer might contain some impurities (more than one 
modification) which again alters the junction points affecting the Tg. Since, this is 
beyond the scope of this project, the synthesized monomers where utilized without any 
purification and might contain a mixture of monomers (single modified to four modified). 
2.3.6 Gas transport analysis 
The main objective of this work is to determine the minimum amount of PEG 
required to achieve maximum CO2 gas solubility and selectivity over other light gases. 
The transport phenomena of gas through the membranes were determined via a constant 
volume variable pressure apparatus as described in the experimental session. In our 
previous work on PEG based thiol-ene membranes (B-3T↓EDDT↑/TEGDVE systems), 
both bifunctional thiol and bifunctional ene monomers were PEG based. In that series, 
PEG wt% within network systems varied between 38% and 67%. Increase in gas 
permeability in those networks was achieved by increasing gas diffusivity. That is, the 
cross-link density of the membranes was decreased, which increased the free volume 
within the membranes, and thereby resulted in increasing gas diffusivity (and 
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permeability). The change in PEG wt% between 38% and 67% did not have any effect on 
solubility of the membranes for CO2 (or any other gas). But the aliphatic control 
membrane which did not contain any PEG groups showed significantly lower CO2 
solubility value.3 Therefore, we hypothesized that the solubility of PEG based 
membranes for CO2 levels off at some value below 38%, and thus goal of this work was 
to identify minimum amount of PEG required for maximum CO2 solubility.  Thus, all the 
gas transport parameters in the present study are plotted as a function of PEG wt% in the 
membranes. Figure 18 represents the B-3T↓EDDT↑/TEGDVE transport curves from 
Kweisnek etal., work replotted against PEG content.3  
Figure 2.17 Permeability (P), Diffusivity (D) and Solubility (S) of B-3T↓EDDT↑TEGDVE 
systems plotted against PEG wt%. Data obtained from Kweisnek work3. 
 
The permeability(P) was calculated from the steady state slope and for 
convenience, P is expressed in Barrer (1 Barrer = cc(STP)cm m-2day-1atm-1). Since all the 
networks (B-3T↓EDDT↑/DDE, B-HDT↓EDDT↑/TTT, D-3T↓4TPEG↑/DDE & D-
HDT↓3TPEG↑/TTT) has different glass transition temperature (Tg) and free volume 
(shown later), the permeability values where different for all systems. Figure 2.18 shows 
the permeability of all networks plotted against PEG weight % for four different gases 
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(CO2, N2, CH4 and O2). B-3T↓EDDT↑/TEGDVE (Kweisnek etal., work) is also plotted 
for comparison. 
 
Figure 2.18 Permeability (P) of CO2, CH4, O2 and N2 gas of all networks (B-3T↓EDDT↑/DDE, 
B-HDT↓EDDT↑/TTT, D-3T↓4TPEG↓/DDE and D-HDT↓3TPEG↑/TTT) plotted against PEG 
wt%.. 
Earlier in our group, it was demonstrated that the permeability exhibits V-shaped 
trend when plotted against glass transition temperature, where the networks with Tg 
closer to testing temperature had the lowest permeability values.7 As seen, all networks 
exhibits different permeability values because of the difference in Tg and free-volume. 
Networks containing DDE as the backbone had higher permeabilities (for all gases) 
mainly because these networks had Tg much lower compared to that of networks with 
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TTT in backbone. Permeability of 3T↓EDDT↑/DDE with higher PEG content (beyond 21 
PEG wt%) decreased mainly because of the crystalline domains, (as discussed earlier) 
which reduced the flux through the membrane. D-HDT↓3TPEG↑/TTT exhibits higher 
permeability values than the B-HDT↓EDDT↑/TTT, which is because of the higher free-
volume created by the free dangling chain ends. Permeability within the networks 
followed a trend where the permeability co-efficient of CO2> CH4> O2> N2 (plot not 
shown). This trend is mainly because of the combined effect of kinetic diameter along 
with the solubility of these gases 
 
Figure 2.19 Diffusivity (D) of CO2, CH4, O2 and N2 gas of all networks (B-3T↓EDDT↑/DDE, 
B-HDT↓EDDT↑/TTT, D-3T↓4TPEG↓/DDE and D-HDT↓3TPEG↑/TTT) plotted against PEG 
wt%. 
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Permeability vales were deconvoluted to obtain diffusivity and solubility as 
described in the experimental session. The gas diffusivity of all the networks for different 
light gas plotted against PEG wt% is shown in Figure 2.19.  
Diffusivity of all amorphous membrane systems increased with increasing PEG 
content except for the BPEG/DDE for the reasons stated above ie., crystallinity. As 
diffusivity is a kinetic parameter, the extent of increase in diffusivity co-efficient depends 
on the functionality of the ene used, concentration of dangling chains, and molecular 
weight between crosslinks (Mc). Diffusivity co-efficient for networks with trifunctional 
ene (TTT) was lower than the networks containing difunctional ene (DDE). For 
3T↓EDDT↑/DDE networks, the increase in diffusivity was due to the combined effect of 
flexible ether groups and increase in Mc. At higher Mc, the decrease in the diffusivity 
was apparently due to the formation of crystal domains. For D-3T↓4TPEG↑/DDE & D-
HDT↓3TPEG↑/TTT systems, even though the Mc was theoretically maintained constant, 
introduction of dangling chains created more free volume which increased the diffusivity 
upon increase in dangling PEG content. For B-HDT↓EDDT↑/TTT networks, while 
maintaining Mc, the increase in diffusivity was mainly due to the introduction of flexible 
polar groups (PEG containing dithiol) which replaced the aliphatic dithiol.  With all 
systems, diffusion of O2> N2> CO2> CH4 is mainly due to the difference in kinetic 
diameter of the gases (plot not shown).      
The solubility of CO2 gas increased as a function of PEG wt% due to the 
thermodynamic drive for CO2 to solubilize within the membranes (because of Lewis 
acid-base interaction between CO2 and PEG moieties). The CO2 solubility co-efficient for 
all networks (3T↓EDDT↑/DDE, D-HDT↓3TPEG↑/TTT, B-HDT↓EDDT↑/TTT and D-
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HDT↓3TPEG↑/TTT), irrespective of the network architecture and PEG placements, 
followed a master trend and levelled off beyond 15 PEG wt%. For B-3T↓EDDT↑/DDE 
networks, beyond PEG content of 14.9 wt% there were crystalline domains present in the 
membranes at experimental conditions. Like gas diffusivity, gas solubility would also 
decrease as a function of percentage crystallinity of the membrane. But the leveling off 
behavior of CO2 gas solubility values beyond 14.9 wt% was not due to the presence of 
crystalline domains, because at a PEG concentration of 14.9 wt%, the values for CO2 
solubility already matched the values that were achieved by the family of PEG based 
amorphous thiol-ene membranes that we previously reported and in that series PEG 
content was between 38% and 67%. Therefore, the minimum PEG concentration required 
for achieving maximum CO2 solubility is 14.9 wt% and the crystallinity in the network 
didn’t have any effect on CO2 solubility. With all systems, solubility of CO2> CH4> O2> 
N2 (plot not shown). 
 81 
 
Figure 2.20 Solubility (S) of CO2, CH4, O2 and N2 gas of all networks (B-3T↓EDDT↑/DDE, 
B-HDT↓EDDT↑/TTT, D-3T↓4TPEG↓/DDE and D-HDT↓3TPEG↑/TTT) plotted against PEG 
wt%. 
Solubility of N2 and O2 for all the networks marginally decreased with increasing 
PEG content. A representative graph showing the decrease in solubility of N2 gas (for B-
HDT↓EDDT↑/TTT networks) is shown in Figure 2.20.  This is probably because as the 
PEG content was increased, the polarity of the membranes increased which reduced the 
interaction of non-polar gases like N2 and O2. This effect has been reported as shown in 
Table X that as the polarity of the membranes increases the solubility of the membranes 
for non-polar gases such as O2, N2 gets reduced slightly upon addition of polar moieties. 
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As shown in the table X, as the polar acrylonitrile groups are increased in the network, 
solubility of N2 and O2 gas decreases which confirms our hypothesis. On the other hand, 
with increase in polar moieties, the solubility of CO2 gas increases as expected. 
 
Figure 2.21 Representative plot showing reduced interaction of non-polar N2 gas with 
increasing polar PEG content 
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Table 2.8 Literature values of solubility of N2, O2, CO2 in polymers with and without polar 
group4 
 
 
 
 
 
 
 
 
Gas Polymer S (x1006) 
N2 
Poly (butadiene) 0.444 
Poly( butadiene-Co- Acrylonitrile) (80/20) 0.375 
Poly( butadiene-Co- Acrylonitrile) (73/27) 0.316 
Poly( butadiene-Co- Acrylonitrile) (68/32) 0.296 
Poly( butadiene-Co- Acrylonitrile) (61/39) 0.276 
Poly (butadiene) 29% crystallinity 0.405 
O2 
Poly (butadiene) 0.957 
Poly( butadiene-Co- Acrylonitrile) (80/20) 0.77 
Poly( butadiene-Co- Acrylonitrile) (73/27) 0.671 
Poly( butadiene-Co- Acrylonitrile) (68/32) 0.632 
Poly( butadiene-Co- Acrylonitrile) (61/39) 0.533 
Poly (butadiene) 29% crystallinity 0.708 
CO2 
Poly (butadiene) 9.87 
Poly( butadiene-Co- Acrylonitrile) (80/20) 11.2 
Poly( butadiene-Co- Acrylonitrile) (73/27) 12.2 
Poly( butadiene-Co- Acrylonitrile) (68/32) 13 
Poly( butadiene-Co- Acrylonitrile) (61/39) 14.7 
Poly (butadiene) 29% crystallinity 3.99 
 
poly(butadiene-co-acrylonitrile) 
        poly(butadiene) 
Chemical structures of the reported 
polymers 
 
  
8
4
 
 
Table 2.9 Gas transport (P,D & S) values of all networks with standard error. Reported values are average of 3 individual runs 
 
 
 
 
163 ± 6 5.56 ± 0.39 1.56 ± 0.23 0.27 ± 0.04 1.62 ± 0.11 1.27 ± 0.2 9.7 ± 1.51 0.81 ± 0.05 1.8 ± 0.19 3.43 ± 0.36 0.41 ± 0.043 1.69 ± 0.21 1.84 ± 0.23
n/d 11.97 ± 0.79 2.67 ± 0.35 0.34 ± 0.045 1.95 ± 0.06 1.64 ± 0.21 9.05 ± 1.13 1.46 ± 0.06 3.27 ± 0.18 3.39 ± 0.19 0.65 ± 0.048 3.25 ± 0.45 1.53 ± 0.21
163 ± 6 21.54 ± 0.94 3.94 ± 0.4 0.42 ± 0.042 2.87 ± 0.06 2.66 ± 0.34 8.2 ± 1.04 2.05 ± 0.11 5.07 ± 0.35 3.07 ± 0.21 0.77 ± 0.031 3.63 ± 0.28 1.6 ± 0.13
173 ± 4 32.56 ± 1.13 4.83 ± 0.44 0.51 ± 0.047 3.17 ± 0.13 2.85 ± 0.37 8.45 ± 1.08 2.79 ± 0.15 6.73 ± 0.73 3.16 ± 0.34 0.87 ± 0.059 4.35 ± 0.39 1.52 ± 0.14
177 ± 4 55.6 ± 2.04 5.72 ± 0.6 0.74 ± 0.078 4.11 ± 0.16 3.64 ± 0.49 8.59 ± 1.16 3.13 ± 0.12 8.14 ± 0.83 2.92 ± 0.3 1.19 ± 0.089 5.58 ± 0.46 1.62 ± 0.14
178 ± 6 69.79 ± 2.96 5.88 ± 0.62 0.9 ± 0.096 4.31 ± 0.11 4.1 ± 0.34 7.98 ± 0.67 3.14 ± 0.18 9.05 ± 1.07 2.64 ± 0.31 1.2 ± 0.066 6.42 ± 0.55 1.42 ± 0.12
179 ± 4 39.01 ± 1.51 3.24 ± 0.4 0.92 ± 0.114 2.44 ± 0.06 2.45 ± 0.3 7.58 ± 0.92 1.89 ± 0.04 5.09 ± 0.5 2.81 ± 0.27 0.66 ± 0.052 3.59 ± 0.33 1.41 ± 0.13
188± 4 26.24 ± 0.93 2.26 ± 0.18 0.88 ± 0.071 1.71 ± 0.08 1.82 ± 0.25 7.17 ± 1 1.24 ± 0.08 3.5 ± 0.52 2.7 ± 0.41 0.48 ± 0.042 2.64 ± 0.2 1.38 ± 0.1
B-3T↓EDDT↑/DDE-10
B-3T↓EDDT↑/DDE-15
B-3T↓EDDT↑/DDE-21
B-3T↓EDDT↑/DDE-24
D x 10
-7
S x 10
-2
B-3T↓EDDT↑/DDE -0
B-3T↓EDDT↑/DDE-1
B-3T↓EDDT↑/DDE-2
B-3T↓EDDT↑/DDE-5
D x 10
-7
S x 10
-2
P D x 10
-7
S x 10
-2
PSample Identity
Free 
Volume 
(Å³)
CO2 CH4 O2 N2
P D x 10
-7
S P
163 ± 6 5.56 ± 0.6 1.56 ± 0.26 0.27 ± 0.045 1.62 ± 0.11 1.27 ± 0.16 9.7 ± 1.23 0.81 ± 0.07 1.8 ± 0.27 3.43 ± 0.51 0.41 ± 0.048 1.69 ± 0.27 1.84 ± 0.3
164 ± 4 12.56 ± 1.03 2.2256 ± 0.39 0.43 ± 0.076 1.96 ± 0.17 1.76 ± 0.14 8.47 ± 0.66 1.22 ± 0.12 2.74 ± 0.55 3.38 ± 0.68 0.6 ± 0.034 2.8 ± 0.41 1.64 ± 0.24
170 ± 7 27.41 ± 2.25 4.1004 ± 0.55 0.51 ± 0.07 2.76 ± 0.31 2.91 ± 0.48 7.23 ± 1.2 2 ± 0.21 4.88 ± 0.51 3.11 ± 0.33 0.86 ± 0.067 4.06 ± 0.78 1.61 ± 0.31
175 ± 7 40.48 ± 3.56 4.6369 ± 0.68 0.66 ± 0.101 3.2 ± 0.38 3.25 ± 0.54 7.5 ± 1.26 2.28 ± 0.19 6.06 ± 1.07 2.86 ± 0.51 0.9 ± 0.082 4.3 ± 0.66 1.59 ± 0.25
177 ± 6 51.78 ± 5.5 4.8865 ± 0.68 0.81 ± 0.12 3.3 ± 0.48 3.51 ± 0.43 7.17 ± 0.89 2.76 ± 0.35 7.85 ± 1.22 2.68 ± 0.42 0.92 ± 0.06 4.44 ± 0.49 1.57 ± 0.17
183 ± 9 70.64 ± 1.92 6.1525 ± 1.1 0.87 ± 0.156 4.43 ± 0.41 5.03 ± 0.74 6.71 ± 0.99 3.64 ± 0.42 10.7 ± 1.83 2.59 ± 0.44 1.2 ± 0.057 6.34 ± 0.97 1.44 ± 0.22
187 ± 6 72.03 ± 2.54 6.0161 ± 0.66 0.91 ± 0.1 4.47 ± 0.54 4.86 ± 0.78 6.99 ± 1.13 3.85 ± 0.3 10.54 ± 1.22 2.78 ± 0.32 1.22 ± 0.113 6.31 ± 1.01 1.46 ± 0.23
191 ± 5 71.62 ± 2.64 6.0248 ± 0.48 0.9 ± 0.073 4.46 ± 0.51 4.98 ± 0.73 6.81 ± 1.01 3.67 ± 0.34 10.34 ± 1.89 2.7 ± 0.49 1.25 ± 0.086 6.33 ± 0.8 1.51 ± 0.19
D-3T↓4TPEG↑/DDE-18
D-3T↓4TPEG↑/DDE-22
D-3T↓4TPEG↑/DDE-26
S x 10
-2
D-3T↓4TPEG↑/DDE-0
D-3T↓4TPEG↑/DDE-2
D-3T↓4TPEG↑/DDE-4
D-3T↓4TPEG↑/DDE-7
D-3T↓4TPEG↑/DDE-13
S x 10
-2
P D x 10
-7
S x 10
-2
P D x 10
-7
Free 
Volume 
(Å³)
CO2 CH4 O2 N2
P D x 10
-7
S P D x 10
-7
Sample Identity
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P in barrer                 D in cm
2
s
-1                         
S in cm
3
(STP) cm
-3
atm
-1 
 
 
70 ± 6 0.33 ± 0.03 0.11 ± 0.01 0.23 ± 0.022 0.081 ± 0.006 0.071 ± 0.01 8.63 ± 1.26 0.056 ± 0.003 0.12 ± 0.011 3.4 ± 0.32 0.023 ± 0.001 0.085 ± 0.012 2.06 ± 0.3
n/d 0.57 ± 0.05 0.13 ± 0.017 0.34 ± 0.046 0.085 ± 0.006 0.087 ± 0.01 7.48 ± 0.85 0.061 ± 0.004 0.13 ± 0.015 3.6 ± 0.43 0.025 ± 0.001 0.109 ± 0.014 1.75 ± 0.23
n/d 0.92 ± 0.09 0.16 ± 0.016 0.44 ± 0.047 0.1 ± 0.009 0.106 ± 0.013 7.17 ± 0.88 0.075 ± 0.006 0.17 ± 0.023 3.35 ± 0.45 0.028 ± 0.002 0.137 ± 0.016 1.56 ± 0.18
94 ± 5 1.36 ± 0.14 0.17 ± 0.011 0.61 ± 0.043 0.118 ± 0.007 0.117 ± 0.011 7.67 ± 0.7 0.083 ± 0.004 0.19 ± 0.029 3.4 ± 0.52 0.035 ± 0.001 0.164 ± 0.023 1.63 ± 0.23
97 ± 6 1.91 ± 0.22 0.18 ± 0.019 0.8 ± 0.093 0.121 ± 0.011 0.129 ± 0.016 7.16 ± 0.89 0.09 ± 0.006 0.22 ± 0.023 3.17 ± 0.33 0.037 ± 0.001 0.183 ± 0.021 1.52 ± 0.17
97 ± 5 2.48 ± 0.18 0.21 ± 0.014 0.88 ± 0.064 0.137 ± 0.013 0.163 ± 0.026 6.38 ± 1 0.098 ± 0.006 0.27 ± 0.039 2.75 ± 0.4 0.043 ± 0.002 0.224 ± 0.022 1.46 ± 0.15
103 ± 6 2.57 ± 0.21 0.22 ± 0.01 0.9 ± 0.045 0.14 ± 0.012 0.169 ± 0.015 6.31 ± 0.58 0.103 ± 0.009 0.32 ± 0.043 2.45 ± 0.33 0.044 ± 0.002 0.227 ± 0.019 1.49 ± 0.12
106 ± 5 2.8 ± 0.23 0.23 ± 0.034 0.91 ± 0.138 0.156 ± 0.014 0.188 ± 0.025 6.29 ± 0.83 0.114 ± 0.007 0.35 ± 0.043 2.45 ± 0.3 0.046 ± 0.004 0.229 ± 0.028 1.53 ± 0.19
B-HDT↓EDDT↑TTT-5
B-HDT↓EDDT↑TTT-11
B-HDT↓EDDT↑TTT-16
B-HDT↓EDDT↑TTT-21
B-HDT↓EDDT↑TTT-25
P D x 10
-7
S x 10
-2
B-HDT↓EDDT↑TTT-0
B-HDT↓EDDT↑TTT-1
B-HDT↓EDDT↑TTT-3
P D x 10
-7
S x 10
-2
P D x 10
-7
S x 10
-2
Sample Identity
Free 
Volume 
(Å³)
CO2 CH4 O2 N2
P D x 10
-7
S
70 ± 4 0.32 ± 0.03 0.11 ± 0 0.22 ± 0.022 7.133 ± 0.6 0.08 ± 0.01 8.63 ± 1.26 5.75 ± 0.3 0.17 ± 0.011 3.4 ± 0.32 2.38 ± 0.1 0.13 ± 0.012 2.06 ± 0.3
n/d 0.6 ± 0.04 0.14 ± 0 0.34 ± 0.046 11.188 ± 0.6 0.12 ± 0.01 7.276 ± 0.85 8.45 ± 0.4 0.25 ± 0.015 2.54 ± 0.43 3.11 ± 0.1 0.17 ± 0.014 1.39 ± 0.2
n/d 1.1 ± 0.07 0.17 ± 0 0.51 ± 0.047 12.129 ± 0.9 0.14 ± 0.01 6.655 ± 0.88 10.48 ± 0.6 0.3 ± 0.023 2.654 ± 0.45 3.36 ± 0.2 0.18 ± 0.016 1.417 ± 0.2
108 ± 2 2.14 ± 0.09 0.25 ± 0 0.65 ± 0.043 16.035 ± 0.7 0.17 ± 0.01 7.159 ± 0.7 15.47 ± 0.4 0.44 ± 0.029 2.656 ± 0.52 4.26 ± 0.1 0.25 ± 0.023 1.321 ± 0.2
118 ± 3 3.31 ± 0.31 0.36 ± 0 0.7 ± 0.093 21.26 ± 1.1 0.23 ± 0.02 6.962 ± 0.89 18.43 ± 0.6 0.6 ± 0.023 2.336 ± 0.33 5.9 ± 0.1 0.35 ± 0.021 1.29 ± 0.2
127 ± 3 4.2 ± 0.18 0.44 ± 0 0.73 ± 0.064 25.079 ± 1.3 0.31 ± 0.03 6.224 ± 1 20.06 ± 0.6 0.63 ± 0.039 2.424 ± 0.4 7.09 ± 0.2 0.43 ± 0.022 1.247 ± 0.2
134 ± 1 4.8 ± 0.23 0.5 ± 0 0.73 ± 0.045 27.047 ± 1.2 0.37 ± 0.02 5.562 ± 0.58 22.75 ± 0.9 0.74 ± 0.043 2.333 ± 0.33 8.11 ± 0.2 0.5 ± 0.019 1.24 ± 0.1
n/d 5.11 ± 0.19 0.51 ± 0 0.77 ± 0.138 29.532 ± 1.4 0.37 ± 0.03 6.021 ± 0.83 24.97 ± 0.7 0.77 ± 0.043 2.473 ± 0.3 8.69 ± 0.4 0.48 ± 0.028 1.363 ± 0.2
D-HDT↓3TPEG↑/TTT-13
D-HDT↓3TPEG↑/TTT-18
D-HDT↓3TPEG↑/TTT-22
D-HDT↓3TPEG↑/TTT-26
D x 10
-7
S x 10
-2
D-HDT↓3TPEG↑/TTT-0
D-HDT↓3TPEG↑/TTT-2
D-HDT↓3TPEG↑/TTT-4
D-HDT↓3TPEG↑/TTT-7
D x 10
-7
S x 10
-2
P x 10
-2
D x 10
-7
S x 10
-2
P x 10
-2
Sample Identity
Free 
Volume 
(Å³)
CO2 CH4 O2 N2
P D x 10
-7
S P x 10
-2
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2.3.7 Selectivity analysis of CO2/ light gases 
Previous work on PEG thiol-ene network membranes (3T↓EDDT↑/TEGDVE), except for 
the membrane containing no PEG, the CO2/ light gas selectivity ( Permeability 
selectivity, diffusivity selectivity and solubility selectivity)  values didn’t have an effect 
with increasing PEG and remained constant.3 This was because at PEG concentration of 
37 wt%, the membrane was already at its maximum CO2 solubility. Further increase in 
PEG concentration did not change CO2 solubility (or any other gas solubility), therefore 
solubility selectivity remained constant as a function of PEG content. Though gas 
diffusivity changed as a function of PEG content, gas diffusivity trends were similar for 
all the gases, and hence diffusivity selectivity also remained constant as a function of 
PEG content. Thus, CO2 selectivity of those PEG based membranes had already leveled 
off when the PEG concentration was between 39 wt% and 67 wt%. Whereas, the 
networks (3T↓EDDT↑/DDE, D-3T↓4TPEG↑/DDE, B-HDT↓EDDT↑/TTT and D-
HDT↓3TPEG↑/TTT) unraveled the effect of lower concentrations of PEG along with the 
network rigidity and PE placements on CO2 selectivity values. Figure 2.22 shows the 
representative plots of CO2/CH4, CO2/O2 and CO2/N2 selectivities for BPEG/DDE 
network. All the networks followed a similar behavior in line with BPEG/DDE, thus one 
such network is shown here. For all networks, the permeability selectivity followed the 
trend as follows: CO2/N2 > CO2/O2 > CO2/CH4. The high CO2/N2 is mainly due to the 
lowest N2 solubility (making N2 less permeable). As described in experimental, in 
solution-diffusion model, permeability can be defined as the product of diffusivity and 
solubility. Thus, permeability selectivity can be defined as the product of diffusivity 
selectivity and solubility selectivity.  
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Figure 2.22 (a)Permeability selectivity, (b) Diffusivity selectivity and (c) Solubility selectivity of 
CO2 / light gas plotted against PEG wt%. 
To explain the selectivity trends better, decoupled selectivity values ie., diffusivity 
selectivity and solubility selectivity values were calculated. The diffusivity selectivity for 
CO2 remained constant as a function of PEG concentration (Figure 2.22 (b)). Though 
PEG concentration (MC , and flexible polar groups) had a strong influence on gas 
diffusivity as discussed earlier, the trends were consistent across all gases (the ratio 
remained the same). Thus, CO2 gas diffusivity selectivity of the membranes over other 
gases remained constant. The solubility selectivity of the membranes showed same trends 
as that of the permeability selectivity curves i.e. the values increased up till 14.9 wt% of 
PEG, and beyond that the solubility selectivity values showed a plateau as a function of 
PEG concentration. From 0 wt% to 14.9 wt%, changing PEG concentration increased the 
solubility of the membranes for CO2, and further increase in PEG concentration led to 
leveling off behavior of CO2 solubility values. Whereas PEG concentration had minimal 
influence on solubility of the membranes for other gases such as O2, N2, CH4 etc. 
Therefore, CO2 solubility selectivity of the membranes over other gases increased up till 
14.9 wt%, and further increase in PEG concentration had no effect on CO2 solubility 
selectivity, simply mimicking the trend shown by CO2 solubility values. Since the 
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diffusivity selectivity for CO2 remained constant and solubility selectivity for CO2 
changed as a function of PEG concentration, the product of these two factors i.e. the trend 
for overall selectivity for CO2 as a function of PEG concentration took the same form as 
that of solubility selectivity for CO2. At PEG concentration of 14.9 wt%, the CO2 
selectivity values obtained were comparable to the values that were reported for the 
membranes in the previous paper (B-3T↓EDDT↑/TEGDVE membranes having PEG 
concentration 38 wt% to 67 wt%) as shown in Figure 2.22.3  As mentioned earlier, the 
permeability selectivity trend was dictated by solubility selectivity, whereas the 
diffusivity selectivity remained constant closer to unity (shown in Table 2.9). 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.23 Selectivity of CO2/N2, CO2/O2 and CO2/CH4 for B-3T↓EDDT↑/DDE, D-
3T↓4TPEG↑/DDE, B-HDT↓EDDT↑/TTT and D-HDT↓3TPEG↑/TTT following a master trend. 
Data from previous work B-3T↓EDDT↑/TGEDVE is presented for comparison. 
 
 
  
 
B-3T↓EDDT↑/DDE  
D-3T↓4TPEG↑/DDE           ∆    
B-HDT↓EDDT↑/TTT             
D-HDT↓3TPEG↑/TTT        
B-3T↓EDDT↑/TGEDVE     
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Table 2.10 CO2/ CH4, CO2/O2 and CO2/N2 selectivity values of all networks with calculated propagation of error. Reported values are average of 
3 individual runs 
 
 
 
 
D-3T↓4TPEG↑/DDE-0 3.42 ± 0.51 1.23 ± 0.25 2.79 ± 0.59 6.84 ± 0.94 0.87 ± 0.19 7.9 ± 1.77 13.65 ± 2.19 0.93 ± 0.21 14.76 ± 3.42
D-3T↓4TPEG↑/DDE-2 6.41 ± 0.77 1.26 ± 0.24 5.07 ± 0.98 10.29 ± 1.31 0.81 ± 0.22 12.68 ± 3.41 20.87 ± 2.08 0.8 ± 0.18 26.24 ± 6.03
D-3T↓4TPEG↑/DDE-4 9.92 ± 1.39 1.41 ± 0.3 7.03 ± 1.52 13.71 ± 1.83 0.84 ± 0.14 16.32 ± 2.82 31.96 ± 3.63 1.01 ± 0.24 31.62 ± 7.45
D-3T↓4TPEG↑/DDE-7 12.65 ± 1.86 1.43 ± 0.32 8.85 ± 2.01 17.78 ± 2.15 0.77 ± 0.18 23.22 ± 5.43 44.99 ± 5.7 1.08 ± 0.23 41.75 ± 9.07
D-3T↓4TPEG↑/DDE-13 15.67 ± 2.81 1.39 ± 0.26 11.24 ± 2.17 18.76 ± 3.09 0.62 ± 0.13 30.12 ± 6.48 56.59 ± 7.05 1.1 ± 0.2 51.46 ± 9.53
D-3T↓4TPEG↑/DDE-18 15.93 ± 1.55 1.22 ± 0.28 13.02 ± 3.02 19.41 ± 2.31 0.57 ± 0.14 33.76 ± 8.35 58.85 ± 3.22 0.97 ± 0.23 60.61 ± 14.27
D-3T↓4TPEG↑/DDE-22 16.11 ± 2.02 1.24 ± 0.24 13.02 ± 2.55 18.7 ± 1.62 0.57 ± 0.09 32.77 ± 5.24 59.26 ± 5.89 0.95 ± 0.18 62.19 ± 12.08
D-3T↓4TPEG↑/DDE-26 16.06 ± 1.93 1.21 ± 0.2 13.28 ± 2.24 19.53 ± 1.93 0.58 ± 0.12 33.5 ± 6.7 57.17 ± 4.46 0.95 ± 0.14 60.06 ± 9.01
CO2 / CH4 CO2 / O2 CO2 / N2
D S P D S P D S
Sample Identity
P 
B-3T↓EDDT↑/DDE -0 3.42 ± 0.327 1.23 ± 0.26 2.79 ± 0.6 6.84 ± 0.61 0.87 ± 0.16 7.899 ± 1.43 13.65 ± 1.72 0.93 ± 0.18 14.76 ± 2.83
B-3T↓EDDT↑/DDE-1 6.14 ± 0.451 1.63 ± 0.3 3.77 ± 0.69 8.22 ± 0.64 0.82 ± 0.12 10.06 ± 1.44 18.36 ± 1.8 0.82 ± 0.16 22.34 ± 4.28
B-3T↓EDDT↑/DDE-2 7.51 ± 0.36 1.48 ± 0.24 5.07 ± 0.82 10.52 ± 0.71 0.78 ± 0.09 13.53 ± 1.66 28.12 ± 1.68 1.09 ± 0.14 25.91 ± 3.32
B-3T↓EDDT↑/DDE-5 10.27 ± 0.555 1.69 ± 0.27 6.06 ± 0.96 11.67 ± 0.74 0.72 ± 0.1 16.25 ± 2.31 37.32 ± 2.82 1.11 ± 0.14 33.64 ± 4.31
B-3T↓EDDT↑/DDE-10 13.54 ± 0.732 1.57 ± 0.27 8.6 ± 1.47 17.78 ± 0.95 0.7 ± 0.1 25.31 ± 3.71 46.76 ± 3.88 1.03 ± 0.14 45.6 ± 6.13
B-3T↓EDDT↑/DDE-15 16.2 ± 0.805 1.43 ± 0.19 11.3 ± 1.53 22.22 ± 1.56 0.65 ± 0.1 34.19 ± 5.44 58.16 ± 4.05 0.92 ± 0.12 63.54 ± 8.65
B-3T↓EDDT↑/DDE-21 15.96 ± 0.73 1.32 ± 0.23 12.08 ± 2.1 20.69 ± 0.89 0.64 ± 0.1 32.54 ± 5.15 58.8 ± 5.13 0.9 ± 0.14 65.12 ± 10.06
B-3T↓EDDT↑/DDE-24 15.32 ± 0.874 1.24 ± 0.2 12.32 ± 1.98 21.11 ± 1.55 0.65 ± 0.11 32.67 ± 5.56 54.66 ± 5.17 0.86 ± 0.09 63.89 ± 7.02
P D S
Sample Identity
CO2 / CH4 CO2 / O2 CO2 / N2
P D S P D S
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B-HDT↓EDDT↑TTT-0 4.06 ± 0.46 1.52 ± 0.26 2.67 ± 0.47 5.9 ± 0.61 0.87 ± 0.12 6.77 ± 0.91 14.3 ± 1.41 1.27 ± 0.22 11.21 ± 1.95
B-HDT↓EDDT↑TTT-1 6.64 ± 0.81 1.47 ± 0.26 4.53 ± 0.8 9.22 ± 1.04 0.98 ± 0.17 9.43 ± 1.7 22.5 ± 2.39 1.16 ± 0.22 19.4 ± 3.66
B-HDT↓EDDT↑TTT-3 9.29 ± 1.22 1.51 ± 0.24 6.13 ± 0.99 12.25 ± 1.56 0.93 ± 0.16 13.12 ± 2.26 32.92 ± 4.16 1.17 ± 0.18 28.16 ± 4.46
B-HDT↓EDDT↑TTT-5 11.53 ± 1.35 1.45 ± 0.16 7.95 ± 0.91 16.31 ± 1.83 0.91 ± 0.15 17.97 ± 3.03 38.61 ± 4.08 1.03 ± 0.16 37.37 ± 5.79
B-HDT↓EDDT↑TTT-11 15.75 ± 2.34 1.41 ± 0.23 11.17 ± 1.91 21.2 ± 3.75 0.84 ± 0.13 25.19 ± 3.95 52.28 ± 6.14 0.99 ± 0.15 52.68 ± 8.53
B-HDT↓EDDT↑TTT-16 18.11 ± 2.19 1.31 ± 0.22 13.81 ± 2.38 25.31 ± 2.46 0.79 ± 0.13 32 ± 5.15 57.68 ± 5.13 0.96 ± 0.12 60.35 ± 7.44
B-HDT↓EDDT↑TTT-21 18.37 ± 2.14 1.28 ± 0.13 14.34 ± 1.49 24.84 ± 4.01 0.67 ± 0.09 36.85 ± 5.25 57.97 ± 5.09 0.95 ± 0.09 60.88 ± 5.85
B-HDT↓EDDT↑TTT-25 17.95 ± 2.21 1.24 ± 0.24 14.45 ± 2.9 24.57 ± 4.56 0.66 ± 0.13 37.15 ± 7.21 60.51 ± 7.34 1.02 ± 0.19 59.24 ± 11.57
CO2 / CH4 CO2 / O2 CO2 / N2
D S P D S P D S
Sample Identity
P 
D-HDT↓3TPEG↑/TTT-0 4.43 ± 0.66 1.3 ± 0.26 2.57 ± 0.54 5.49 ± 0.75 0.64 ± 0.14 6.52 ± 1.46 13.3 ± 2.13 0.84 ± 0.19 10.76 ± 2.49
D-HDT↓3TPEG↑/TTT-2 5.35 ± 0.64 1.16 ± 0.22 4.61 ± 0.89 7.08 ± 0.9 0.54 ± 0.15 13.21 ± 3.55 19.26 ± 1.92 0.8 ± 0.18 24.13 ± 5.55
D-HDT↓3TPEG↑/TTT-4 9.11 ± 1.28 1.2 ± 0.26 7.59 ± 1.64 10.54 ± 1.41 0.55 ± 0.09 19.04 ± 3.29 32.92 ± 3.74 0.92 ± 0.22 35.67 ± 8.4
D-HDT↓3TPEG↑/TTT-7 13.32 ± 1.96 1.47 ± 0.33 9.07 ± 2.06 13.81 ± 1.67 0.56 ± 0.13 24.44 ± 5.72 50.09 ± 6.35 1.02 ± 0.22 49.14 ± 10.68
D-HDT↓3TPEG↑/TTT-3 15.61 ± 2.8 1.56 ± 0.29 10.01 ± 1.93 18 ± 2.97 0.6 ± 0.13 29.84 ± 6.42 56.29 ± 7.01 1.04 ± 0.19 54.04 ± 10.01
D-HDT↓3TPEG↑/TTT-8 16.74 ± 1.63 1.43 ± 0.33 11.69 ± 2.71 20.94 ± 2.49 0.7 ± 0.17 30.01 ± 7.42 59.26 ± 3.24 1.02 ± 0.24 58.34 ± 13.73
D-HDT↓3TPEG↑/TTT-22 17.73 ± 2.22 1.35 ± 0.26 13.17 ± 2.58 21.09 ± 1.83 0.67 ± 0.11 31.4 ± 5.02 59.15 ± 5.88 1 ± 0.19 59.07 ± 11.47
D-HDT↓3TPEG↑/TTT-26 17.3 ± 2.08 1.36 ± 0.22 12.77 ± 2.15 20.46 ± 2.02 0.66 ± 0.14 31.09 ± 6.22 58.8 ± 4.59 1.04 ± 0.15 56.4 ± 8.46
P D S
Sample Identity
CO2 / CH4 CO2 / O2 CO2 / N2
P D S P D S
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2.3.8 Literature values comparison  
As mentioned in the background section, for a polymer to be used as a separation 
membrane, it should possess high selectivity along with high permeability. To enhance 
the selectivity, the use of polar PEG moieties has been identified and blending,8–15 
copolymerizing16–28 and crosslinking 8,29–36  strategies are being used to suppress the 
crystallinity thus enhancing the permeability. 
To the best of our knowledge, there exists no systematic study where the PEG 
concentration has been varied to determine the effect on selectivity. All the reported 
studies aim to fabricate an amorphous membrane while containing maximum PEG 
content. This is because, with addition of PEG, along with specific polar interaction, the 
flexible ether link can enhance the permeability. But the focus of this study is to 
determine the minimum amount of PEG to achieve maximum selectivity, there by the 
permeability can be enhanced with the use of other flexible moieties such as siloxane.  
Table 2.11 shows several strategies (copolymerizing, blending and crosslinking) 
reported in literature to prevent poly(ethylene oxide) (PEO) from crystalizing. Semi-
crystalline PEO is also reported for comparison. 
 
 
 
 
 
 
 
  
9
2
 
Table 2.11 Reported literature values for amorphous PEO membranes on CO2 permeability and CO2/N2 selectivity 
 
  Polymer 
PEO 
Cont
ent 
Wt% Tg 
Δp 
(atm) 
Testing 
Temperature  
(°C) 
PCO2 ( 
barrer) 
Selectivity 
( CO2/N2) Ref 
  Semi-Crystalline PEO 100 -52     12 48 16 
Block-
Copoly
mers 
P10: PMDA-pDDS/PEO4(80)  68.6 -62.0 2.0 35 238.0 49.0 
22 
B1: BPDA-ODA/DABA/PEO1(75)  41.2 -36.0 2.0 35 2.7 56.0 
M1: MDI-BPA/PEG(75)  53.6 -42.0 2.0 35 31.0 44.0 
M2: MDI-BPA/PEG(80)  60.5 -41.0 2.0 35 48.0 47.0 
M3: MDI-BPA/PEG(85)  66.0 -41.0 2.0 35 59.0 49.0 
L3: L/TDI(20)-BPA/PEG(90)  64.5 -43.0 2.0 35 47.0 51.0 
I4: IPA-ODA/PEO3(80)  68.3 -45.0 2.0 35 58.0 53.0 
B5: BPDA-ODA/DABA/PEO2(70)  43.3 -42.0 2.0 35 14.0 57.0 
B6: BPDA-ODA/DABA/PEO2(80)  53.4 -44.0 2.0 35 36.0 56.0 
B7: BPDA-ODA/PEO3(75)  52.3 -56.0 2.0 35 75.0 52.0 
B13: BPDA-mPD/PEO4(80)  53.1 -61.0 2.0 35 81.0 54.0 
P5: PMDA-mPD/PEO3(80)  55.9 -62.0 2.0 35 99.0 50.0 
P6: PMDA-APPS/PEO3(80)  68.3 -55.0 2.0 35 159.0 51.0 
P7: PMDA-APPS/PEO4(70)  61.2 -66.0 2.0 35 136.0 53.0 
P8: PMDA-mPD/PEO(80)  58.9 -61.0 2.0 35 151.0 52.0 
P9: PMDA-ODA/PEO4(80)  66.6 -62.0 2.0 35 167.0 52.0 
PEO-ran-PPO5000-T6T6T- 0 64.3 -58.0 1.0 35 447.0 42.5 
17 
PEO-ran-PPO5000-T6T6T-10 65.9 -61.0 1.0 35 583.0 39.9 
PEO-ran-PPO5000-T6T6T-30 69.0 -64.0 1.0 35 731.0 36.7 
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PEO-ran-PPO5000-T6T6T-50 72.2 -67.0 1.0 35 896.0 36.0 
PEO1000-T6T6T 61.6 -45.0 3.9 35 75.0 41.0 
23 
 
PEO2000-T6T6T 76.2 -48.0 3.9 35 180.0 49.0 
PEO2000/T)2500-T6T6T 69.0 -44.0 3.9 35 121.0 49.0 
PEO2000/T)5000-T6T6T 74.8 -43.0 3.9 35 176.0 53.0 
Pebax ®1074 (55PEO/PA12) 55.0 -55.0 10.0 35 120.0 51.4 
24 Pebax ®4011 (57PEO/PA12) 57.0 -55.0 10.0 35 66.0 56.4 
Polyimide (PMDA-pDDS) 68.6 n/d 2.0 35 238.0 49.0 
16 
Polyimide (BPDA-ODA) 62.3 n/d 2.0 35 117.0 51.0 
Polyamide (IPA-ODA) 68.3 n/d 2.0 35 58.0 53.0 
Polyamide (PA 12) 55.0 n/d 10.0 35 120.0 51.0 
Polyamide (PA 6) 57.0 n/d 10.0 35 66.0 56.0 
Polyurethane (MDI-BA) 60.5 n/d 2.0 35 48.0 47.0 
  
PEO 
blends 
Poly(amide-b-ethylene oxide) 50.0 n/d 0.0 30 151.0 47.0 10 
Poly(ethylene oxide)- poly(butylenes 
terephthalate) 40.0 n/d 0.3 30 750.0 40.0 11 
Poly(styrene-b-ethylene oxide-b-styrene) 45.0 n/d 0.0 35 86.0 36.0 8 
 
 
Crosslink
ed PEO 
DM14/MM9(0)  80.0 -42.0 0.97 25 65.0 53.0 
32  
DM14/MM9(10)  80.0 -44.0 0.97 25 85.0 54.0 
DM14/MM9(30)  80.0 -51.0 0.97 25 129.0 51.0 
DM14/MM9(50)  79.9 -56.0 0.97 25 185.0 50.0 
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DM14/MM9(70)  79.9 -62.0 0.97 25 260.0 48.0 
DB30/MM9(0)  78.4 -47.0 0.97 25 128.0 49.0 
DB30/MM9(10)  78.5 -49.0 0.97 25 140.0 50.0 
DB30/MM9(30)  78.8 -54.0 0.97 25 185.0 51.0 
DB30/MM9(50)  79.1 -58.0 0.97 25 231.0 48.0 
DB30/MM9(70)  79.4 -62.0 0.97 25 308.0 47.0 
DM9/MM9(10)  72.8 -34.0 0.97 25 28.0 53.0 
DM23/MM9(10)  86.1 -57.0 0.97 25 194.0 52.0 
DB10/MM9(10)  57.2 -14.0 0.97 25 12.0 48.0 
UV-
Crosslink
ing 
XLPEGDA (100 wt.%) 83.0 -40 ID 35 110.0 50.0 
 31 
XLPEGDA (80 wt.%) 83.0 -42 ID 35 110.0 52.0 
XLBPAEDA4 (100 wt.%) 51.2 11 ID 35 12.0 55.0 
BPAEDA4 (85 wt.%) /PEGMEA 55.5 - ID 35 23.0 50.0 
37  
BPAEDA4 (70 wt.%) /PEGMEA 59.9 - ID 35 54.0 45.0 
BPAEDA4 (50 wt.%) /PEGMEA 65.8 - ID 35 132.0 44.0 
BPAEDA4 (25 wt.%) /PEGMEA 73.1 - ID 35 288.0 52.0 
XLBPAEDA15 (100 wt.%) 79.7 -34 ID 35 152.0 54.0 
BPAEDA15 (80 wt%)/PEGMEA 79.8 -39 ID 35 198.0 57.0 
BPAEDA15 (70 wt%)/PEGMEA 79.9 -41 ID 35 221.0 53.0 
BPAEDA15 (60 wt%)/PEGMEA 80.0 -44 ID 35 261.0 56.0 
BPAEDA15 (50 wt%)/PEGMEA 80.0 - ID 35 300.0 51.0 
BPAEDA15 (80 wt%)/DEGEEA 73.2 -38 ID 35 197.0 49.0 
BPAEDA15 (70 wt%)/DEGEEA 70.0 -38 ID 35 205.0 43.0 
BPAEDA15 (60 wt%)/DEGEEA 66.8 -38 ID 35 252.0 43.0 
BPAEDA15 (50 wt%)/DEGEEA 63.5 - ID 35 270.0 46.0 
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Figure 2.24 represents a comparison of reported values in the literature with the 
values obtained in this work. As seen, selectivity of all literature reported values (for 
copolymers, blends and crosslinked networks) are in the range between 30 to 55 units 
white the PEG loading was no less than   40 wt %. Whereas in this work the CO2/N2 
selectivity reaches around 60 with just 15 wt% PEG for all networks in this study 
irrespective of the network rigidity and placement of PEG. Thus, with much less addition 
of PEG, the desired selectivity can be achieved, while the permeability can be increased 
via adding more flexible moieties such as siloxane in the network. Also, interestingly, the 
selectivity values for all thiol-based networks showed an increased selectivity values as 
compared to the reported literature values probably attributed to the uniform distribution 
of PEG in thiol-ene based networks. 
 
Figure 2.24 Permeability selectivity of CO2/N2 plotted against PEG wt%. Half-filled indicates 
the reported literature values ( Table 2.11)   
 
 
 96 
2.3.9 Pressure dependencies 
In the previous sections, we determined the selectivity of all the network (with 
varied architecture) followed a master curve which leveled off at around 15 PEG wt% at 
an applied feed pressure for 3 atm. The leveling off dependents on the ratio of molar 
concentration of CO2 to the available to interact with PEG units. Thus, obviously the 
minimum amount PEG concentration required for achieving maximum CO2 solubility 
would depend on the CO2 concentration in the feed (i.e CO2 partial pressure in the feed). 
In the following section, we aim in determining if the selectivity master curve is affected 
by the applied feed pressure ie., the concentration of CO2 gas. 
D-3T↓4TPEG↑/DDE networks were considered for pressure dependent studies 
because the Mc is maintained constant while increasing the PEG content as dangling 
chains. This design gave the exclusive effect on PEG concentration while the number of 
junction points remained the same. The upstream pressure was varied from 2 tm to 12.45 
atm with increments of 2 atm while maintaining the experimental temperature as 23°C to 
probe the concentration effect on gas transport properties. For simplicity, only three gases 
(CO2, N2 and CH4) was studied and selectivities of CO2/ N2 and CO2/O2 where 
estimated. 
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Figure 2.25 Permeability of (a)CO2, (b)N2 and (c) CH4 of D-3T↓4TPEG↑/DDE networks 
plotted against applied pressure feed pressure. 
 
As seen in Figure 2.25, with increase in applied pressure the permeabilities of all 
gasses increased. The rate of increase (slope) of permeability of CO2 gas with applied 
feed pressure in a non-polar membrane is much lower than the rate of increase in a polar 
PEG based membrane. This might be due to the combined effect of increased diffusivity 
which happens due to increased flexibility imparted by polar ether groups and increased 
solubility because of increasing polarity arising from PEG units with CO2 gas. However, 
the rate of increase in permeability for N2 and CH4 gas remains constant with applied 
feed pressure ie., the rate of increase is same irrespective of the nature of the membranes 
(polar or non-polar). This increase in permeability is exclusively due to the increased 
diffusivity of gases through the membrane. 
The permeability values obtained from the steady state slope (from CVVP) were 
deconvoluted to diffusivity and solubility as explained in experimental session. But, it has 
been reported that the Fickian diffusion deviates when the permeation coefficient varies 
with applied feed pressure. Thus solubility co-efficient for all DPEG/DDE networks were 
calculated via direct sorption measurements using dual chamber pressure decay method 
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explained in experimental section. This method typically determines the number of moles 
of gas sorbed in the given volume of polymer at a given partial pressure (concentration). 
Figure 2.26 Sorption isotherm of D-3T↓4TPEG↑/DDE demonstrating the henry mode of 
sorption at lower feed pressure. Each curve represents the network exposed at varied feed 
pressure. The lines shown is to guide the eyes 
 
Figure 2.26 represents the sorption isotherms of CO2, N2 and CH4 gases at 
increasing applied pressure. For polar CO2 gas, the slope of the isotherm increases with 
increasing PEG content and the concentration at a given feed pressure increases with 
PEG content in the membrane. This is mainly because of the increased interaction of CO2 
gas with polar PEG moieties causing an increasing sorption sites. On the other hand, the 
concentration of non-polar gases such as N2 and CH4 decreases with increasing polar 
PEG content. This is in agreement with the observed results explained in section 4.1.5, 
where the solubility of N2 gas decreases with increasing PEG content. All three gases 
follows Hendry mode of sorption at low feed pressure (upto 8 atm) beyond which it 
deviates. For the networks with high PEG content, the deviation from the henry mode of 
sorption was lesser for N2 and CH4 gas.  The extraction of solubility coefficient in 
Hendry mode regime was taken in to account, while at higher feed pressure, the 
calculations considers the Flory-Huggins interaction parameter which is beyond the scope 
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of this work. Hence the obtained concentration values where used to calculate solubility 
at 3.6 atm which was only used as a complementary method to confirm the values 
obtained through CVVP. 
The solubility co-efficient obtained from dual mode sorption at 3.6 atm was 
compared with the solubility values calculated from CVVP and presented in Figure 2.27 
for all three gases (CO2, N2 and CH4). As seen, the solubility values obtained through 
both the methods were in good agreement and the values dictates that the calculated 
solubility values through CVVP for all previous studies represents the true solubility co-
efficient of that particular network. 
 
Figure 2.27 Comparison of solubility co-efficient of D-3T↓4TPEG↑/DDE (a) CO2 (b) N2 and 
(c) CH4 determined via CVVP and sorption technique.   
The other interesting factor observed with applied feed pressure is that for a given 
pair of gas (CO2/N2 and CO2/CH4) the permeability selectivity deviates from the master 
curve (trend seen at an applied feed pressure of 3.4 atm). With increasing feed pressure, 
the permeability selectivity decreases and at highest applied feed pressure (12.45 atm in 
this study) the selectivity didn’t level off. This is mainly due to the increased 
concentration of the gas molecules which probably required a greater number of moles of 
PEG to saturate to reach the levelling off. Probably with high PEG content membranes, 
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the selectivity could level off at the high applied feed pressure considering the increase in 
molar CO2 gas concentration. 
 
Figure 2.28 Permeability selectivity of D-3T↓4tPEG↑/DDE networks, at different feed 
pressures, plotted against PEG wt%. At 2 atm feed pressure, permeability selectivity levels off at 
around 12 wt%, whereas with 12.45 atm applied feed pressure, the permeability. Lines shown 
here is only to guide eyes. 
The ratio of concentration of PEG to the concentration of CO2 gas was 
theoretically calculated to be 23.9 ( PEG to CO2 gas ratio) which corresponded to about 
0.0017 mol of PEG/ volume of polymer. Thus at higher feed pressure, the CO2 gas 
concentration becomes very high that the ratio is altered which makes the selectivity to 
level off at higher PEG content.  
 
2.4 Conclusions  
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Series of crosslinked thiol-ene networks with varying PEG content, from 0 to 25 
wt%, was prepared. All the network series varied in glass transition, crosslink density and 
the placement of PEG units within the network series. Permeability was determined via 
steady-state permeation apparatus and diffusivity was determined via time lag method. 
Solubility co-efficient were calculated and confirmed with direct sorption measurements. 
The selectivity values were calculated for gas pairs, (CO2/N2, CO2/CH4 and CO2/O2). The 
flux through the membrane increases with increase in PEG content for all the networks 
primarily due to increase in diffusivity in combination with solubility. The increase in 
diffusivity within BPEG/DDE networks is attributed to the increase in molecular weight 
between crosslinks (Mc) and the decrease at high Mc is due to crystallization. In 
BPEG/TTT, with the Mc unaltered, the diffusivity increase is associated with the flexible 
ether linkage with increasing PEG units. In networks DPEG/TTT and DPEG/DDE (PEG 
in the dangling chains), the increase in diffusivity is mainly attributed to the increase in 
free-volume cause by the free moving dangling chain ends. The solubility of polar CO2 
gas increased with increasing PEG content and the solubility decreased with increasing 
PEG content for non-polar gases such as O2, N2 and CH4.  
Interestingly the selectivity values obtained were independent of the glass 
transition temperature, cross-link density and the placement of PEG units (backbone or 
dangling chain) which followed a master trend and the selectivity leveled off for all the 
gas pairs at around 15 wt% of PEG. As mentioned earlier, a membrane should posses 
high selectivity along with high permeability to be used in separation process. To the best 
of our knowledge, all reported studies utilizes PEG units for two reasons: to increase 
selectivity (caused via increased acid-base interaction) and to achieve increased 
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permeability (through the flexible ether groups). With the findings that the selectivity can 
be achieved by utilizing much low content of PEG, a high permeability co-efficient 
without compromising the selectivity can be achieved by utilizing more flexible and high 
free volume moieties such as siloxane and fluorinated compounds in combination with 
the PEG moieties at a minimum concentration.  
It was also determined that the applied feed pressure affects the minimum PEG 
required for the maximum selectivity. Model network, DPEG/DDE, was exposed at 
varied feed pressure and permeability values were determined via steady-state permeation 
apparatus. With increasing feed pressure, the permeability coefficient for all gases 
increased. Interestingly, the feed pressure decreased CO2/ light gas selectivity. For 
reduced feed pressure (2atm), the CO2/ light gas selectivity reached maximum at around 
14 wt% while for high feed pressure (12.45 atm),the selectivity doesn’t level off for the 
quantity of PEG used in this study. This is attributed to the ratio of number of PEG units 
to saturate the CO2 molar volume of the gas is altered with increased concentration We 
hypothesize that at high feed pressure, the selectivity would reach maximum at much 
high PEG weight loadings (when the ratio is achieved).  
Knowing these details, one could tune the membranes performance by selecting 
the appropriate content of PEG in combination with other high free volume materials to 
achieve high permeability and selectivity which can be used for CO2/ light gas 
separations. 
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CHAPTER III – FUNDAMENTAL INVESTIGATION OF FLAMMABILITY OF 
THIOL-ENE NETWORKS: EFFECT OF NETWORK STRUCTURE AND 
ARCHITECTURE 
Abstract 
Thermal and fire behavior properties of UV-cured thiol-ene networks are 
reported. A family of photocured thiol-ene networks are fabricated by reacting thiol and 
ene monomers of various functionality (2-4) and structural rigidity. The glass transition 
temperatures (Tg) of the cross-linked networks are studied using a DSC. Tg values range 
from –33 to 54 oC and are dependent on both, network composition and degree of cross-
linking. TGA experiments reveal that the onset as well as the mid-point temperatures of 
degradation occur at lower temperatures for the networks fabricated using the di 
functional thiol monomer as compared to tri or tetra functional thiol based networks. 
Reaction-to-fire properties are investigated using a cone calorimeter. The peak heat 
release rate (PHRR) values span between 700-1800 kW/m2 and 4T-TTT, the network 
fabricated using a tetra functional thiol (4T) and an allyl isocyanurate ene monomer 
(TTT) shows the lowest PHRR, at about 700 kW/m2, and the longest time to sustained 
ignition at about 54 s in this series of thiol-ene networks. The burning specimens were 
extinguished and quenched in liquid nitrogen and the morphology of incompletely burned 
specimen with progressing time is analyzed. A correlation between the morphology of 
burning specimen and cone parameters like PHRR, AMLR and smoke is presented and 
related to thiol-ene chemical group rigidity and network linking density. Finally, 
scanning electron microscopy (SEM) of partially burnt specimen revealed that the 
networks fabricated with structurally similar monomers shows distinct pyrolysis 
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behavior. Networks containing allyl triazine (TOT) showed bulk pyrolysis behavior due 
to the early degradation happening at the C-O bond along the backbone of the network. 
Networks with allyl isocyanurate (TTT) showed a surface pyrolysis due to its aliphatic 
linking chain along the backbone. The chemical composition of partially burnt networks, 
examined via SEM equipped with energy dispersive X-ray analysis (EDAX) served as a 
means of quantitative analysis for pyrolysis zone. EDAX analysis of TOT containing 
networks quenched at 20 s in liquid nitrogen revealed that the bulk zone of the network 
contained higher concentrations of carbon and oxygen compared to the neat unburnt 
systems indicating the start of bulk degradation. Whereas the networks containing TTT, 
the bulk zone had carbon, oxygen and sulfur closer to the neat network indicating that the 
bulk was still intact. 
3.1 Background  
UV-cured polymeric materials have the capability of responding to this intensive 
demand of new polymers with advanced properties because of the several types of 
polymers that can be produced in a matter of minutes.136 The success of UV-curing is 
largely due to its inherent advantages such as high energy efficiency compared with other 
processing methods, eco-friendly 100% reactive component formulations that do not emit 
VOCs, as well as the flexibility of spraying, dipping, or rolling on a reactive mixture and 
then curing in seconds with UV light. 137,138 
The majority of UV-cured materials used commercially are acrylates which 
undergo a UV-initiated, free-radical, chain-growth polymerization mechanism to form 
crosslinked network materials, finding application in many areas including the fabrication 
of adhesives, inks, protective films on floors and wood products, coatings on compact 
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discs, and optical fibers.76,139 This field is developing fast and being widely used in many 
fields.  
Thiol-enes are a class of UV-cured networks where thiols add to double bonds 
(enes). Like acrylates, thiol-enes also undergo a UV-initiated, free-radical mechanism.  
However, the UV-photoinitiated thiol-ene reaction, recognized as a “click” reaction,140–
142 is a unique step-growth reaction 53,143 with a chain transfer step: carbon-centered 
radicals, instead of propagating to each other via chain-growth, abstract hydrogen from 
thiols, regenerating thiyl radicals which continue the polymerization process.  Because of 
this hydrogen-abstraction step, thiol-ene are almost completely insensitive to oxygen.144 
Peroxy radicals formed during polymerization in air are generally unreactive toward 
double bonds, but readily abstract hydrogen from thiols. Indeed it has been shown that 
polymerization rates of thiol-ene in air and in inert nitrogen are nearly comparable. Thiol-
ene networks are also generally optically clear, flexible, and robust.  In addition to the 
above merits, thiol-ene provide an excellent platform for studying structure property 
relationships in networks due to the uniformity, low shrinkage, lack of crystallinity, and 
the ability to tune properties like Tg, modulus, hardness, and gas barrier over enormous 
ranges simply by mixing and matching commercial thiols and enes.145,146 
As far as we are aware, there are no reports on the inherent flammability of 
commercially-available UV-cured thiol-ene networks and also very little work has been 
done on the flammability of commercial UV-cured acrylates147 or urethanes.101,148    
Several research groups have focused on fire retardant additives like phosphorous 
compounds in UV-cured coatings.149,150  However there is a lack of fundamental, starting-
point analysis of the reaction-to-fire properties of commercial UV-cured polymeric 
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materials.  We feel that this information could allow UV-curing to expand into even more 
fields, perhaps as UV-cured flame-retardant coatings for flammable polymers or as stand-
alone bulk flame-resistant materials.  Thus, the purpose of this work is to study the 
flammability of thiol-ene networks fabricated using common and commercially available 
thiol and ene monomers. Next, this work aims to identify fundamental structure-
flammability relationships and set a baseline for further development in this field. 
In this study, a series of thiol-ene networks are prepared from three chemically 
similar di, tri, and tetra functional thiol propionate ester monomers and three tri-
functional ene monomers, ie., an allyl ether, an allyl triazine, and an allyl isocyanurate. 
The thermal and fire behavior properties of thiol-ene networks are investigated with an 
emphasis to reveal the effect of thiol functionality and ene rigidity on Tg, thermal stability 
(gravimetric analysis) and reaction-to-fire properties in cone tests. To rationalize the data, 
thermal behavior trends and fire retardant properties are organized in groups. Within the 
group, the ene monomer is kept the same while the thiol functionality varies from 2-4. 
The morphology of incompletely combusted films is analyzed and used to gain additional 
insight into the burning behaviors of the networks. Finally, using two structural isomeric 
ene monomers, TTT and TOT, the relationships between the morphology of final char 
residues and fire performance is further investigated.  
3.2 Experimental  
3.2.1 Materials  
Ethylene bis(3-mercaptopropionate) [2T], trimethylolpropane tris(3-
mercaptopropionate) [3T] and pentaerythritol tetrakis (3-mercaptopropionate) [4T] were 
obtained from Bruno Bock Thiol-Chemical-S. Pentaerythritol ally ether [TAE], 2,4,6-
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triallyloxy-1,3,5-triazine [TOT], Triallyl-1,3,5-triazine-2,4,6 (1H,3H,5H)-trione [TTT] 
and photo initiator 2,2-Dimethoxy-2-phenylacetophenone (DMPA) were purchased from 
Sigma Aldrich chemical company. All materials were used as received. The chemical 
structures of various monomers used in this study are shown in Figure 3.1 
 
Figure 3.1 Chemical structures of monomers used in investigate FR properties of thiol-
ene networks 
3.2.2 Membrane fabrication and rational for the design  
Several thiol-ene model networks were prepared from three chemically similar di, 
tri and tetra functional thiol propionate ester monomers and three tri-functional ene 
monomers. This study is intended to investigate the effect of thiol functionality and ene 
rigidity on glass transition temperature (Tg), thermal stability and fire-resistant behavior. 
To rationalize the data, thermal behavior trends and fire-resistant properties are organized 
in groups as shown in Table 1. Within the group, the ene monomer is kept the same while 
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the thiol functionality varies from 2-4. The morphology of incompletely combusted films 
is analyzed and used to gain additional insight into the burning behaviors of the networks. 
Finally, using two structural isomeric ene monomers, TTT and TOT, the relationships 
between the morphology of final char residues and fire performance is further 
investigated. Each network is identified by its unique name to differentiate and the 
naming scheme is adopted with a prefix being thiol monomer and a suffix with the 
respective ene monomer used in the network.     
Table 3.1 Network Description 
Thiol Ene   
Monomer  functionality Monomer functionality Network name 
2T 2 TAE 3 2T-TAE 
3T 3 TAE 3 3T-TAE 
4T 4 TAE 3 4T-TAE 
      
2T 2 TTT 3 2T-TTT 
3T 3 TTT 3 3T-TTT 
4T 4 TTT 3 4T-TTT 
          
2T 2 TOT 3 2T-TOT 
3T 3 TOT 3 3T-TOT 
4T 4 TOT 3 4T-TOT 
 
All networks were prepared in a similar fashion demonstrated by our group 
elsewhere, 151 where thiol and ene monomers were added in stochiometric quantities 
along with 1 wt% DMPA photo- initiator in a vial relative to the total amount of thiol and 
ene, which was mixed in vortexer  followed by sonication (using a general purpose, 
cleaning type sonicator) for about 10 minutes to ensure that photo-initiator was dissolved 
and to remove any air bubbles trapped in the mixture. This homogeneous, bubble free 
mixture was poured into a preformed glass mold (100 x 100 x 3 mm3) and UV-cured for 
3 minutes in the air using a low-pressure mercury lamp (wavelength 305 nm and light 
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intensity ~0.1 mW/cm2). The films were post-cured for 1 day at 80oC to ensure 
maximum conversion of the functional groups. 
3.2.3 Characterization 
TGA was performed on a Q500 thermogravimetric analyzer (TA Instruments 
Inc.) at the 10 mg scale under a flowing nitrogen atmosphere at a scan rate of 10 °C/min. 
Temperature is reproducible to ±1 °C and mass to ± 0.2%.  TGA experiments were done 
in duplicate and the averages are reported. 
The glass transition temperatures (Tg)s of the networks were obtained using a 
differential scanning calorimeter, a DSC Q100 (TA DSC).  All samples (specimen mass 
of approximately 10 mg) were subjected to the following heating/cooling profile: the 
sample was cooled from 25 to -70 °C at 10 °C/min. Next, the sample was maintained for 
1 minute at -70 oC, and then heated from -70 to 150 oC to obtain the first heat-flow result. 
The sample was subsequently cooled at 10 °C/min from 150 back to -70 °C.  For the 
second time, the sample was maintained for 1 minute at -70 °C, and then reheated from -
70 to 150 °C to obtain the second heat-flow result. The second heating scans are reported 
and the inflection point of the heat flow at the glass transition was conventionally 
assigned to Tg. 
A Govmark cone calorimeter was used to investigate the reaction-to-fire 
properties of the networks in compliance with ASTM E 1354-90. A detailed description 
of Cone calorimeter is given in Chapter 7 of this thesis. The standard heat flux for this 
investigation was 50 kW/m2 and the exhaust flow was set at 24L/sec. All cone specimens 
(sample size: 100 mm x 100 mm x 3 mm) were tested in a horizontal position. Typical 
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results from cone calorimetry are reproducible to within about ± 10%; these uncertainties 
are based on many runs in which thousands of samples have been combusted. 
To investigate the fire propagation through the bulk of polymer, the combustion 
was freeze quenched by immersing the burning polymer specimen in to liquid nitrogen at 
various time intervals, say 5, 10, 15 and 20 seconds. The resulting specimen with partial 
char on the surface was cryo-fractured and cut to a small size of dimension approximately 
1 mm x 1 mm x 2 mm, to examine the cross-section  in order to understand the fire 
propagation using scanning electron microscope. To get better imaging, all samples were 
subjected to cryo-microtome using a Leica EM FC6 Ultramicrotome equipped with a 
Cryo-ultra-microtomy chamber. Glass knife was used to smoothen the specimens cross 
section with a speed of 60 mm/s and a feed rate of 2000 nm.   
The pyrolysis behavior of specimens which are freeze quenched at various timing 
was examined through imaging technique using scanning electron microscopy (SEM). 
The cryo-microtome samples were coated with silver using a Quorum Emitech K550X 
sputter coater to avoid charge build up on the specimen while imaging. Samples were 
charged under Argon gas and 25 mAmps for three minutes resulting in a coating 
thickness of approximately 10 nm. SEM images of the cross section were taken using 
Quanta FEI 200. The operating conditions including the high voltage, width, spot size, 
magnification varied with sample and it can be found in bottom of the individual image. 
To investigate the elemental composition across the cross-section, energy-
dispersive X-ray spectroscopy (EDX) having a Thermo Scientific UltraDry EDX detector 
with NSS3® micro-analysis software was used.  SEM images provided an qualitative 
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information of the char thickness with increasing burning times whereas the EDX 
analysis provided a quantitative degree of char formation. 
3.3 Results and discussion  
In this chapter, our emphasis is to reveal the effect of thiol-ene chemical group 
rigidity and network crosslinking density on Tg, thermal stability (gravimetric analysis) 
and reaction-to-fire properties. Multifunctional thiols used in this investigation are thiol 
propionate esters with variation in functionality (2, 3 and 4 respectively for 2T, 3T and 
4T). Ene monomers used comprised an ally ether (TAE), an allyl triazine (TOT) and an 
allyl isocyanurate (TTT).  To rationalize the data, thermal behavior trends and fire 
retardant properties presented in the chapter is organized in groups. Within each group, 
the ene monomer is kept the same while the thiol functionality is varied from 2-4. A 
comparison within a group reveals the effect of thiol functionality while a comparison 
between various groups exposes the effect of thiol ene structure (rigidity) on properties. 
A study on fire performance between two structural isomers, TTT and TOT, were are 
also compared. Networks fabricated using these two rather similar ene monomers were 
used as model compounds to further elucidate the influence of network composition on 
fire performance.  
It should be noted here that the synthesis of all these networks has been reported 
in the past and it has been shown that changing thiol and ene monomers affects the glass 
transition temperature.145 As compared to Tg, less is known about thiol-ene networks 
thermal stability.  Furthermore, the fire behavior properties of these materials, to our best 
knowledge, have not been reported, as yet. This report is part of our ongoing efforts to 
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probe the fire risks associated with the potential use of thiol-ene networks in the 
fabrication of next generation of flame-resistant UV-cured polymers. 
 
3.3.1 Differential Scanning Calorimetry (DSC) 
The glass transitions of thiol-ene networks were determined by DSC. The DSC 
thermograms for thiol-ene networks are shown in Figure 3.2 while the determined Tg and 
ΔCp values are provided in Table 3.2. The networks exhibited a broad range of Tg values, 
the lowest at about -33 oC for the 2T-TAE and the highest at about 53 oC for 4T-TTT 
system. For a given series of thiol-ene networks (films fabricated using TAE-, TOT- or 
TTT- ene monomers), networks fabricated using 2T thiol monomers showed lowest Tg 
values; Tg values increased gradually when 3T and 4T thiol monomers were used. 
Interestingly, the difference between the glass transition temperatures of the di thiol and 
tri thiol-based networks which is 20-30oC, was consistently larger than the difference 
between the glass transition temperatures of the tri and tetra based ones, which is 10-
20oC. On the other hand, when the same thiol functionality was selected for comparison 
between the groups, the TTT monomer-based network always exhibited the largest Tg 
while its TAE based analog showed the lowest Tg. 
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Figure 3.2 2nd heating scan DSC thermograms of photopolymerized thiol-ene networks. Curves 
are stacked vertically for clarity. 
 
Variations in Tg values for analogous networks can be attributed mainly to an 
increase in cross-linking density for networks (generalized trends: 2T < 3T < 4T): 
polymer networks become more rigid and therefore a higher energy is required to 
facilitate the movements of molecular segments.152,153 The effect of crosslinking on glass 
transition temperature has been accurately explained in the past using the free volume 
concept.154 The literature shows that crosslinks reduce the free volume of a polymer in 
the rubbery state. Thus, the polymer vitrifies at higher temperature as presumably less 
cooling is required to reach the critical amount of free volume increasing the network 
crosslinking density (the crosslink density in a polymer is increased with an increase 
number of junction point functionality).  This qualitatively justifies why an increase of 
thiol monomer functionality leads to higher Tg within the group. However, it is not quite 
apparent why this effect is somewhat diminished with a further increase of the thiol 
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functionality (comparing tri and tetra functional based thiol-ene networks within a 
group).  One hypothesis is that an increase of junction point functionality to some extent 
may lead to a structurally more heterogeneous network. Network heterogeneity results in 
noticeable broadening of the Tg range with the increase of thiol functionality (see Figure 
3.2). Broadening of the glass transition range may serve as an indirect proof that a 
network becomes less structurally homogeneous.53 The glass transition temperature of 
any network structure in addition to crosslink concentration also depends on rigidity of its 
structural components. This fact explains why incorporation of more rigid ene monomers 
such as TOT and TTT, containing triazine and isocyanurate ring structures, led to higher 
Tg as compared to more flexible system TAE made of linear segments 
 
Table 3.2 Glass transition temperature values for all the networks in this study. Reported 
values are the midpoints of inflection from the 2nd heat cycle 
Materials 
Glass transition 
Specific heat 
capacity 
Tg (oC)  ΔCp (J g
-1 oC-1) 
2T-TAE -33.3 0.525 
3T-TAE -13.2 0.517 
4T-TAE -1.7 0.472 
    
2T-TTT 2.6 0.527 
3T-TTT 34.2 0.404 
4T-TTT 52.8 0.336 
    
2T-TOT -14.2 0.470 
3T-TOT 10.5 0.406 
4T-TOT 30.3 0.376 
 
The increase in degree of cross-linking also explains the gradual decrease in ΔCp 
in series fabricated using a same ene parent monomer since the heat capacity of the 
material increases with the number of active modes of movements and decreases with the 
rigidity of the material.155 
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3.3.2 Thermal Stability 
The thermal stability of thiol-ene networks was evaluated in TGA experiments 
under a nitrogen environment; the TGA traces are shown in Figure 3.3 and the data are 
presented in Table 3.3. The influence of thiol-ene network composition on thermal 
stability was studied for (I) TAE-containing networks, (II) TTT-containing networks, and 
(III) TOT-containing networks. Each thermogram was characterized by measuring 
several parameters including onset temperature of degradation (T10%), mid- point 
temperature of degradation (T50%) and residual mass. Within each group, the onset 
temperature of decomposition as well as the mid- point temperature of degradation 
occurred at lower temperatures for the networks fabricated using the difunctional thiol 
monomer (2T) as compared to its 3T or 4T based analog. The difference between 3T and 
4T based networks, in this regard, was rather insignificant.  On the other hand, the 
relative amount of decomposition residues were somewhat similar for 2T and 3T based 
networks while the amount of char residues were about twice as much for 4T-based 
networks relative to the previous two. 
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Figure 3.3 TGA curves of (I) TOT-, (II) TTT- and (III) TAE-containing thiol-ene 
networks. Note: heating ramp rate is 10 oC/min; experiments run in a nitrogen 
environment from 30-800 oC. 
 
As thermal decomposition is a process which involves breaking of chemical 
bonds, it was anticipated that the crosslink density, defined within the group by the thiol 
monomer functionality, would strongly affect the thermal stability. Indeed, for a more 
cross-linked network, a larger amount of thermal energy must be absorbed to volatize the 
polymer leading to an increase of the onset or mid- point of degradation temperatures (in 
a non-isothermal experiment such as TGA).155–157 Accordingly, Brauman158, Rabek and 
Lucki159, and Wilkie and co-workers160,161 have all shown that cross-linking does increase 
thermal stability. Additionally, various researchers have been documented that 
crosslinking usually promotes the char formation. To this end, for example, Brauman 
reports that cross-linking enhances char formation because it causes otherwise volatile 
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fragments to remain in the polymer for a longer time.162 Looking at the available 
literature and analyzing the data in Table 3.3, two questions though must be posed. First, 
why, in regard to the onset or mid- point of degradation temperatures, did the 3T and 4T 
based networks show a smaller difference than the 2T and 3T based systems? Second,  
why, in terms of the residue char, did the 3T and 4T based networks show larger 
difference as compared to the 2T and 3T pair? We don’t know the answer to this question 
as yet. 
The thermal stability of networks fabricated using same parent thiol compound 
(4T) but different ene monomers (TAE, TOT and TTT) was studied and is shown in 
Figure 3.4. The effect of ene structure on thiol-ene network thermal stability is interesting 
as it contradicts tour anticipation that the thermal stability of TTT and TOT based 
matrices would be superior over their TAE-based analogs, which is based on the typical 
observation that linear monomers or polymers are less thermally stable relative to 
monomers or polymers containing several ring structures. Indeed, we found that the TTT 
based networks were the most thermally stable networks in the series. However, the 
thermal stability of the TOT based networks was found to be lower than expected. The 
mid- point temperatures of degradation for the TOT based networks were comparable 
with those for the TAE based systems assuming the same thiol functionality, and the 
onset of degradation temperatures were noticeably lower by 20-30 oC. 
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Figure 3.4 Thermal Stability of networks fabricated using same thiol compound 
but with different ene. 
 
Naturally, a question was posed: why TTT and TOT, two structural isomers (i.e. 
TTT and TOT have different chemical structures but their chemical composition is the 
same) led to noticeable differences in the network thermal stabilities? To address the 
above question, beside structural rigidity, another thermodynamic argument was then 
considered based on the available literature on similar materials. A study conducted 
elsewhere using low molecular compounds structurally similar to TOT revealed a 
spontaneous thermal transformation of the cyanurate ring into the isocyanurate ring in the 
melt and no intermediates could be isolated at temperatures above 473 K.163 The 
observed lower onset temperature of decomposition for TOT-containing networks 
relative to their TTT analogs evokes the existing literature on the rearrangement of 
cyanurate into isocyanurate ring structures when heated to higher temperatures.163 For 
small TTT- and TOT-like monomers, Intermolecular O→N methyl rearrangement in the 
liquid state occurs at high temperatures (above 473K) converting TOT-like into TTT-like 
structures. The above reported information could then be correlated with the differences 
in thermal stability observed for TOT-based networks relative to their TTT-analogs. Side 
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group rearrangements in a network are achieved through the breaking covalent bonds and 
destroying network connectivity. However, the current results raise an important question 
of whether TTT- and TOT-based networks decompose following the trends predicted by 
their parent monomers. Later in this chapter, a clear understanding of the differences in 
thermal degradation is investigated through analyzing the pyrolysis behavior of the two 
isomers. But, the nature and type of the degradation products released when both 4T-TTT 
and 4T-TOT networks are heated to higher temperatures are beyond the scope of this 
study and are the subject of other ongoing studies. 
 
Table 3.3 Temperatures for the mass loss of 10 and 50 wt.% (T10%, T50%) 
Material T10%   (oC) T50%   (oC) Char yield (wt.%)   (600 oC) 
2T-TAE 343 374 1.5 
3T-TAE 361 385 1.1 
4T-TAE 362 389 2.9 
2T-TOT 312 376 4.0 
3T-TOT 349 391 4.7 
4T-TOT 346 384 7.4 
2T-TTT 348 379 3.3 
3T-TTT 369 397 4.3 
4T-TTT 369 396 7.1 
 
3.3.3 Fire resistant properties 
The fire behavior of basic thiol-ene networks has been investigated via cone 
calorimetry; the parameters obtained include the time to sustained ignition (tign), the peak 
heat release rate (PHRR), the total heat release (THR), the average mass loss rate 
(AMLR), the average specific extinction area or smoke (ASEA), the effective heat of 
combustion (EHC) and the residue amount. PHRR is an important fire parameter 
measured by cone. It indicates the size of a fire or the likelihood of a fire to ignite 
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adjacent objects.164,165 In this paper, to simplify the interpretation of the flammability 
data, a general discussion of various trends observed in cone parameters is provided first. 
A detailed analysis of time-dependent responses of specimens with respect to heat 
release, mass loss and smoke production is provided next. Furthermore, changes in the 
morphology for burning networks, the cross section analysis through SEM-EDAX to 
understand the pyrolysis behavior at incremental fire exposure timings are discussed last 
to allow a complete picture of the fire behavior properties of the networks. 
    
Table 3.4 Cone calorimeter data for TAE, TOT & TTT networks at an external 
irradiation of 50 kW/m2 
Network tign 
(s) 
PHRR 
(kW/m2) 
AMRL 
(g/m2.s) 
THR 
(MJ/m2) 
Residue 
(wt.%) 
2T-TAE 34 1792 49.8 94.2 0.0 
3T-TAE 38 1696 41.7 98.8 0.0 
4T-TAE 39 1035 30.0 97.7 0.0 
      
2T-TTT 38 1174 31.4 90.4 0.7 
3T-TTT 48 929 27.8 92.3 1.0 
4T-TTT 54 674 23.2 86.1 2.6 
      
2T-TOT 26 1643 38.1 94.6 0.5 
3T-TOT 38 1426 36.0 93.5 1.6 
4T-TOT 36 1322 31.7 89.3 3.1 
Note:  Data provided is averages of 2 runs: tign, time to sustained ignition; PHRR, peak heat release rate; 
AMLR, average mass loss rate; THR, total heat release; Residue = (final mass/initial mass) x 100. 
 
Table 3.4 summarizes the cone data, including tign, PHRR, AMLR, THR and 
collected residues (wt.%).  2T-TAE shows the highest PHRR at 1792 kW/m2 while 4T-
TTT has the lowest value, at 674 kW/m2. The general trend is that, within a group, the 2T 
based network has the highest PHRR value, followed by the 3T-containing network and 
the 4T-containing network shows the lowest PHRR in the group. The times to sustained 
ignition seemed to follow similar trends: the 2T based network shows the lowest time to 
ignition, and the 4T based network the largest.  This data is somehow not surprising as 
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the resistance to combustion of a polymer is in some way connected to both the number 
of crosslinks and the strength of the bonds that make up the cross-linked structure.166 
Indeed, Lyon reported that excluding the halogenated polymers, high thermal stability 
roughly correlates with flame resistance.167 High thermal stability results from strong 
primary and secondary bond and low hydrogen content, all of which favor 
recombination/cross-linking (charring) reactions during thermal degradation rather than 
the hydrogen transfer/termination reactions which lead to mass loss.160   
Interestingly however, while a gradual and pronounced decrease in PHRR with an 
increase in thiol-ene network cross-link density is clearly visible for TTT- and TAE-
containing networks, this difference is rather modest between TOT based thiol-ene 
networks. For example, the difference between the PHRR of the di thiol and tetra thiol 
based networks at 500-800 kW/m2, was consistently larger for TTT and TAE based 
networks than the difference between the PHRR values of the TOT ones, which was 321 
kW/m2.  
Table 3.4 also reveals a correlation between the % reductions in PHRR (using the 
2T based network as the baseline) and the average mass loss rate (AMLR) values.  This 
information is consistent with the existing literature that shows that for materials with a 
constant effective heat of combustion, the mass loss rate controls the HRR.168 
Accordingly, the average effective heat of combustion is approximately the same for all 
networks (Effective heat of combustion values for various networks are tabulated in 
Table 3.5: TAE-containing networks, 30.3 ±1.7 kJ/g; TTT-containing networks, 28.4 
±1.3 kJ/g; TOT-containing networks, 29.0 ±1.2 kJ/g).  
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The cone data also allowed the determination of some fire safety engineering 
parameters like FIGRA (fire growth rate, determined by dividing the peak HRR by the 
time to ignition values). Increasing FIGRA values for materials tested in cone 
experiments have been correlated with faster flame spread and higher likelihood of 
igniting nearby objects by the burning polymer.85,169  FIGRA values were determined to 
be 22.7, 18.9 and 9.4 respectively for 2T-TAE, 3T-TAE and 4T-TAE. The above data 
points to 4T-TAE as the better network in the series. For TOT-containing networks, 
FIGRA values were calculated to be 24.2, 21.0 and 20.3 respectively for 2T-TOT, 3T-
TOT and 4T-TOT. FIGRA values were determined to be 17.6, 8.6 and 5.4 respectively 
for 2T-TTT, 3T-TTT and 4T-TTT. FIGRA values identify the networks prepared using 
the tetrafunctional thiol monomer as the best systems for each series of TTT- or TOT-
containing networks. It should be pointed out that these engineering indices (e.i. FIGRA) 
concentrate important information into a single number and interpretation of the cone 
data using only these indices is not sufficient and can be misleading in some cases. The 
uncertainty around the times to peak HRR for example will be addressed later in the 
section where the shapes of representative HRR curves for these networks are discussed. 
The analyses of shapes of HRR curves along with physical observations provide 
additional key information about the fire performance of materials in cone tests.85 
3.3.4 Shapes of heat release rate curves for various thiol-ene networks at 50 kW/m2. 
A further assessment of the burning behavior of thiol-ene networks is gained by 
observing the shapes of the heat release curves. To simplify the interpretation of the data, 
the networks are also studied in groups. Figure 3.5 presents the HRR and MLR curves of 
TAE-based networks. A good correlation between HRR and MLR curves is exposed. 
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With 2T-TAE and 3T-TAE, a quick rise in HRR after ignition is observed and continues 
until a maximum is reached (PHRR), followed by a sharp decrease. In contrast, the HRR 
pattern of 4T-TAE is broader relative to the previous two systems. It starts with a rapid 
rise in HRR for about 20 seconds, followed by a modest increase in the rate of HRR up to 
a maximum is noted. The intensity of the maximum peak is decreased and the duration of 
the cone fire experiment is increased as compared to the first two systems. 
All thiol-ene networks evaluated for fire behavior properties in this investigation 
can be classified as thermally thin materials using the available literature on cone testing. 
Additionally, the networks yielded very little to no char residue (3 wt.% ≤) at an external 
irradiation of 50 kW/m2. A non-charring thermally thin polymer typically shows a sharp 
and intense HRR curve in a cone test because the material is pyrolyzed in a very short 
period of time.170 Thus, the sharp HRR curves observed for 2T-TAE and 3T-TAE 
networks were somehow to be expected. In contrast, the HRR curve of the 4T-TAE 
network is an interesting one and seems to suggest that the rate of pyrolysis was 
relatively slower relative to the previous two, which resulted in longer burning times for 
the latter network. 
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Figure 3.5 Cone calorimeter representative time dependent curves of [TAE]-containing 
thiol-ene networks at an external irradiation of 50 kW/m2: (I) heat release (HRR) and (II) 
mass loss (MLR) curves 
 
Figure 3.6 Cone calorimeter representative time dependent curves of [TTT]-containing 
thiol-ene networks at an external irradiation of 50 kW/m2: (I) heat release (HRR) and (II) 
mass loss (MLR) curves 
 
Figure 3.7 Cone calorimeter representative time dependent curves of [TOT]-containing 
thiol-ene networks at an external irradiation of 50 kW/m2: (I) heat release (HRR) and (II) 
mass loss (MLR) curves 
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The HRR and MLR curves of TTT-containing networks are provided in Figure 
3.6. 2T-TTT shows an asymmetric HRR curve, characterized by a very quick rise in HRR 
after ignition to reach the maximum HRR, followed by a rather slow decrease in HRR. 
With 3T-TTT and 4T-TTT networks, the sharp rise in HRR levels off at about 20 seconds 
in the test, and a plateau is observed, followed by a rather sharp fall in HRR. While the 
3T-TTT and the 4T-TTT networks show similar HRR behaviors, the maximum HRR is 
much lower for 4T-TTT compared with 3T-TTT. The HRR of 4T-TTT shows a shape 
that is typically observed for polymer filled with nanoparticles.170 The steady state or 
plateau results from the formation of a barrier layer composed of nanoparticles over the 
surface of the burning polymer. In later section, we will show that this polymer, 
surprisingly, decomposes under fire condition forming a carbonaceous char layer that 
may work well as a barrier to heat or slow down the release of the flammable volatile, 
and thus, results in the lower HRR and longer burning times. 
In Figure 3.7, the HRR patterns of TOT-containing thiol-ene networks are 
presented. Similarities in the shapes of the HRR curves for the three networks are easily 
noted. All networks show a rapid rise in HRR after ignition, leading to maximum HRR, 
or PHRR. Interestingly, the PHRR is reached approximately at the same time for all 
networks, at around 69 ± 2 seconds. Overall, a modest but gradual decrease in PHRR is 
observed in the sequence, 2T-TOT > 3T-TOT > 4T-TOT, with 4T-TOT showing the 
lowest PHRR value in the series. The time to burn out follows a reverse trend and 4T-
TOT burn for a longer time relative to the first two.  Obviously, an important question is 
raised: what is indeed controlling the burning behaviors of these networks? Specifically, 
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TTT and TOT, two structural isomers, led to the fabrication of a series of networks that 
show totally different fire behavior properties as measured by cone.  
As a summary, in Figure 3.8 , the heat release rate curve for the network with 
lowest peak HRR value and highest time to ignition values (e.i. 4T-TTT) is provided 
along with the curves of thiol-ene networks fabricated using same thiol (e.i. 4T) but 
different ene monomers. The differences in shapes of HRR curves for the three networks 
highlight different burning behaviors for this set of thiol-ene networks. In particular, the 
burning behaviors of two rather similar networks, 4T-TTT and 4T-TOT, is highlighted. 
As indicated in introduction section, TOT and TTT ene monomers are structural isomers, 
but clearly, they perform very differently in cone tests under similar fire conditions. In 
next sections, 4T-TTT and 4T-TOT networks are used as model compounds to 
investigate factors that control the fire behavior properties in thiol-ene systems. 
 
 
Figure 3.8 Representative HRR plots for HRR curves for networks fabricated using the 
tetrafunctional thiol (4T) monomer. All networks were tested at an external heat flux of 
50 kW/m2 
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In our investigation, we also compared the PHRR values of thiol-ene networks 
with the reported values for other relevant commodity polymers.  Our findings highlight 
the broad range of fire properties covered by thiol-ene networks. Accordingly, the thiol-
ene material with the highest PHRR value in this work, 2T-TAE at 1792 kW/m2, is 
comparable to what has typically been reported for fuel rich polymeric materials such as 
polyethylene and poly(propylene) under similar experimental conditions (heat flux of 50 
kW/m2, specimen thickness of about 3 mm).171,172  The PHRR values observed for 4T-
TAE or 2T-TTT (the average materials in this work using PHRR as indicator; PHRR is 
1000 ± 100 kW/m2) are comparable to the reported values for PMMA. In contrast, 4T-
TTT, the best material in our work (PHRR of about 650-700 kW/m2) is in the range of 
what has typically been observed for a flame retarded PMMA composite.173 
3.3.5 Changes in surface morphology and composition in cone experiments 
An analysis of the changes in specimens’ morphology during the combustion test 
was performed. A very interesting finding was made by visually analyzing the changes in 
morphology of the burning network: formation of a short lived black layer over the 
specimen was observed.  The morphology and life time of this temporary morphology 
were found to depend on network identity. To achieve a qualitative analysis of this 
surface layer, and hopefully, gain brief insights into burning behavior characteristics of 
the networks, a novel experimental protocol was adopted. A burning sample (specimen 3 
x 50 x 50 mm3) was combusted for about 60 seconds (just enough for the fire to 
propagate down the specimen) in cone at an external irradiation of 50 kW/m2 and 
subsequently extinguished and quenched in liquid nitrogen. Digital images of 
incompletely burned specimens are provided in Figure 3.8.  
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With 2T-TAE and 3T-TAE, a significant portion of these two networks volatilizes 
in the first 60 seconds of the combustion test. In contrast, with 4T-TAE, at about one 
minute into the test, the network is still somehow intact, but covered with residues 
forming a black layer. The latter coverage is hypothesized to hinder the release of 
flammable volatile and is correlated with the earlier observed reduced rate of HRR for 
4T-TAE relative to its TAE-containing analogs. This assumption is somehow consistent 
with the reduced mass loss rate also observed for the latter network in comparison with 
the previous two networks (Figure 3.5). It should be pointed out that at an external 
irradiation of 50 kW/m2, the standard heat flux for this study, TAE-containing networks 
are consumed in the cone fire test. This observation is consistent with relatively similar 
total heat release rate values observed for all networks. 
The images of incompletely burned TTT based networks are also provided in 
Figure 3.8. With 2T-TTT network (Figure 3.9, C1), chunk of residues are observed and 
they form a continuous layer, but a few large hole are also visible. With 3T-TTT and 4T-
TTT networks (Figure 3.9, C2 and C3), the holes in residues of incompletely burned 
specimens are no longer visible. Instead, large cracks that seem to form some kind of 
valleys are observed. The residues of incompletely burned TOT-containing systems very 
much resemble those of TTT-containing systems at time 60 seconds.   
The above experimental protocol established to study char yield and morphology 
in incompletely burned thiol-ene network was particularly revealing because at the 
external irradiation of 50 kW/m2 (the standard heat flux of this investigation), thiol-ene 
network yield very little to no-residue at the end of the cone experiment. The above 
observation is supported by the rather similar THR values (93.0 ± 4.0 MJ/m2) as 
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tabulated in Table 3.4. THR values reflect the similarities in initial specimen sizes prior 
to the fire tests (33 ± 1g) and the low yields of residues (≤ 3 wt.%) observed at end of the 
combustion tests. TAE based networks did not leave any residue or char while smaller 
quantities of unburned materials are observed for TOT- and TTT- monomer based 
networks. 
 
Table 3.5 Cone calorimeter smoke and gas related test results 
Network EHC 
(kJ/g) 
ASEA 
(m2/kg) 
CO yield 
(kg/kg) 
CO2 yield 
(kg/kg) 
2T-TAE 29.9  124  0.085  3.40  
3T-TAE 32.1  219  0.065  3.65  
4T-TAE 29.0  260  0.066  3.40  
2T-TTT 28.2  139  0.051  2.87  
3T-TTT 28.0  219  0.077  2.83  
4T-TTT 25.9  269  0.111  2.36  
2T-TOT 29.4  141.2  0.072  2.76  
3T-TOT 30.0  229.6 0.086  2.55  
4T-TOT 27.7  245.2  0.121  2.55  
Note: EHC, average effective heat of combustion; ASEA, average specific extinction area or smoke. 
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Figure 3.9 Optical photographs of incompletely burned thiol-ene networks in cone at an 
external irradiation of 50 kW/m2. (A1) 2T-TAE; (A2) 3T-TAE; (A3) 4T-TAE; (B1) 2T-
TOT; (B2) 3T-TOT; (B3) 4T-TAE; (C1) 2T-TTT; (C2) 3T-TTT; and (C3) 4T-TTT. The 
specimens were combusted for about 60 seconds, and then subsequently extinguished and 
quenched using liquid nitrogen 
 
3.3.6 Effective heat of combustion and smoke 
The effective heats of combustion (EHC) of thiol-ene networks are presented in 
Table 3.5 and the measured values ranged between 26 - 32 kJ/g. In a group, there is very 
little variation in the measured value. A close analysis of the data may suggest that the 
network fabricated using 4T thiol monomer slightly shows the lowest value within each 
series. Also, comparing the groups, TTT and TOT based networks show relatively 
smaller values of EHC relative to their TAE based analogs. The later observation was 
somehow expected as the heat of combustion of a polymer is related to the heat of 
combustion of the volatile and char; thus, the observed residue yields (~ 3wt.%) for 4T-
A1 A2 A3
B1 B2 B3
C1 C2 C3
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TTT and 4T-TOT networks may be correlated with the relatively lower EHC values 
observed for this set of networks taking into account that other networks did not yield any 
char.  
The average effective heat of combustion of thiol-ene, at 29.2 ± 1.5 kJ/g, is well 
in the range of the average polymer heat of combustion. Lyon tabulated a broad range of 
polymers and determined the average heat of combustion of polymers to be 29 ± 6 
kJ/g.168 The polymers listed in his work include the following: polytetrafluoroethylene at 
8.38 kJ/g, polyoxymethylene at 15.44 kJ/g, poly(methyl methacrylate) at 23.2 kJ/g, 
polysulfone at 30.02 kJ/g, bisphenol-A-epoxy at 31.10 kJ/g, polystyrene at 42.00 kJ/g and 
polyethylene at 48.05 kJ/g.  
 
 
Figure 3.10 Smoke production rates of thiol-ene networks for (I) [TAE], (II) [TTT] and 
(III) [TOT] containing thiol-ene networks. 
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In addition to the effective heat of combustion, other gas related measurements 
obtained from cone data are: carbon monoxide yields, rates of smoke production and 
average specific extension area values. Carbon monoxide typically originates from the 
incomplete combustion of the organic fuel. The ratio of CO/CO2 can also be used to 
characterize the efficiency of the oxidation reactions in cone fires. The smoke determined 
via cone as specific extension area (ASEA) represents the concentration of soot 
particulates generated by the combustion of the sample. ASEA is calculated from the 
extinction measurement of a He-Ne laser beam passing through the exhaust duct of the 
Cone Calorimeter divided by the volume flow rate in the duct and the transient mass loss 
rate. 
The smoke evolved from the combustion of these networks is made up primarily 
of carbon dioxide, and to a smaller extent, carbon monoxide and other unburned higher 
molecular weight hydrocarbons including some sulfur-containing compounds. The gas 
related results for thiol-ene networks are presented in Table 3.5. The data shows that, 
within a group, there is an increase in smoke (ASEA) of 3T or 4T-containing thiol-ene 
networks relative to their 2T-based analogs. The above increase in smoke is tentatively 
correlated with the formation of larger number of longer hydrocarbons during the 
combustion of 4T-based networks relative to their 3T or 2T-based analogs. The short 
lived barrier layer observed in the highly cross-linked 4T-based networks can increase the 
residence time of the primary pyrolysis gases, giving them an opportunity to react with 
each other via recombination reactions, thus increasing the degree of secondary pyrolysis 
reactions that may occur. This proposition is supported by studies conducted by Straka et 
al who found that during slow pyrolysis, the output gases consisted of a substantial 
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amount of CO2 with the balance being primarily C2 and C3 hydrocarbons.
174 Similarly, 
Marney and co-workers suggested that the formation of a barrier layer of HNT over the 
surface of a burning PA6/HNT nanocomposite facilitate pyrolysis gas recombination and 
hence increasing the release of more smoke for the nanocomposites.175 Within a group, 
the ratio CO2/CO is higher for 2T-containing networks relative to their 3T or 4T analogs 
indicates that 2T-based networks are burning rather more efficiently since carbon 
monoxide is a measure of incomplete combustion. 
Interestingly, the rates of smoke production curves reveal a fascinating difference 
between linear monomer -based network versus the triazine or isocyanurate -based 
networks (Figure 3.10). With TTT- and TOT-containing systems, the increase in thiol 
monomer functionality appears to accelerate the rate of smoke production at any stage of 
the burning process. With TAE-containing networks, the rate of smoke production shows 
a distinctive peak maximum and this peak occurs at 98 s, 112 s and 152 s, respectively 
for 2T-TAE, 3T-TAE and 4T-TAE. This difference is correlated with the observation that 
TAE-based networks volatilize during combustion (at a rate that depends on thiol 
monomer used in the fabrication of the network) while TTT and TOT based networks 
form a residue layer that cover the underlying polymer during combustion. Future work, 
which is beyond the scope of this study, would analyze the degradation products and 
establish the composition of the observed smoke. 
3.3.7 Comparative studies: 4T-TTT and 4T-TOT networks 
TOT and TTT, a triazine- and an isocyanurate-ring containing ene monomers, are 
structural isomers. Interestingly, TTT-containing networks outperformed their TOT-
analogs with respect to PHRR and time to ignition values (see Table 3.4). In particular, 
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4T-TTT was the best material of this work while 4T-TOT, the analogous network 
fabricated using the structural isomer of TTT (TOT), performed poorly. The two systems 
were then selected for additional studies to gain further insights into burning mechanisms 
of thiol-ene networks.  
3.3.7.1 Fire behavior properties of 4T-TTT and 4T-TOT under different fire 
scenarios. 
Firstly, to establish the superiority of 4T-TTT network over its analogous 
network, 4T-TOT, were tested under three different external irradiation. Figure 3.11 
provides the HRR patterns of the two networks at an external irradiation of 25, 50, and 75 
kW/m2. The results were consistent and indicate that the 4T-TOT burns for a shorter time 
and shows a higher PHRR relative to its analog, 4T-TTT. As expected, lowering the 
external heat flux (from 75 to 25 kW/m2) results in a gradual decrease in PHRR values 
and an increase in time to ignition for either material. These experiments clearly 
demonstrate that 4T-TTT outperforms 4T-TOT. In terms of the residues collected at end 
of cone experiments, quantitatively, comparable amounts of char residues were obtained 
for both systems: 4T-TTT gave 5.1 ± 0.3, 2.9 ± 1.2 and 2.2 ± 0.7 wt.% while 4T-TOT 
gave 4.2 ± 0.2, 3.0 ± 0.3 and 2.4 ± 0.3 wt.% respectively at 25, 50 and 75 kW/m2. 
Interestingly, for both networks, the residue collected at 25 kW/m2 cover the specimen 
holder and the residue retains the original shape of the sample (Figure 3.12). Thus, it was 
then anticipated that the morphology of this residue may shine the light on the difference 
in the fire performance of the two materials established in previous sections. 
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Figure 3.11 Cone calorimeter HRR of (I) 4T-TOT and (II) 4T-TTT, for 25, 50, and 75 
kW/m2 irradiation. 
 
 
Figure 3.12 Pictures showing the residues remaining after combusting (A) 4T-TOT and 
(B) 4T-TTT at an external irradiation of 25 kW/m2 
 
For both systems, 4T-TTT and 4T-TOT, lowering external irradiations in a cone 
resulted in a gradual decrease in the peak HRR values (Figure 3.13). These experiments 
clearly show that 4T-TTT network outperforms 4T-TOT per the following parameters: 
PHRR, time to PHRR and time to ignition.  In terms of residues collected at end of cone 
experiments, quantitatively, comparable amounts of char residues were obtained for both 
model thiol-ene networks: 4T-TTT gave 5.1 ± 0.3, 2.9 ± 1.2 and 2.2 ± 0.7 wt.% while 
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4T-TOT gave 4.2 ± 0.2, 3.0 ± 0.3 and 2.4 ± 0.3 wt.% respectively at 25, 50 and 75 
kW/m2. However, as pointed out in earlier discussion, thiol-ene networks showed a light-
black solid layer that formed shortly after ignition, whose rate of formation and 
morphology seemed to depend on network composition and test condition with 4T-TTT 
showing this black layer prevailing for a relatively longer time relative to other systems.  
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Figure 3.13 Cone calorimeter peak HRR values for 4T-TTT and 4T-TOT at external 
irradiations of 25, 50 and 75 kW/m2 
 
Thermal analysis of the residue was also conducted to investigate the role, if any, 
of the thermal stability of residue collected after combusting 4T-TTT and the results are 
compared with that of the 4T-TOT network. In preparing the sample for the TGA 
experiments, the residue of either network was crushed using a mottle/pestle and the 
collected powder is then collected.  The entrapped air or moisture in the residues is 
removed using the following experimental protocol: the sample was quickly heated to 
100 oC and maintained at this temperature for 60 minutes. As anticipated, both materials 
lost 8-10 wt.% (moisture or entrapped air) as they were being quickly heated to 100 oC or 
being held at this temperature for 60 minutes. The TGA curves (dynamic heating 
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experiment, 20 oC/min,100-900 oC) of the cone residues for both, 4T-TTT and 4T-TOT 
are provided in Figure 3.14. The results indicate similar decomposition patterns for both 
materials in either, air or nitrogen environment.   
 
Figure 3.14 TGA curves of cone residues (external heat flux 25 kW/m2) for 4T-TTT and 
4T-TOT networks performed in a nitrogen environment (I) or in Air (II) at a heating 
ramp rate of 20 °C/min. The cone residue and the residues collected after burning the two 
networks in cone calorimeter at an external irradiation of 25 kW/m2 
 
With a naked eye, the images of the residues of 4T-TTT and 4T-TOT, at 25 
kW/m2, are rather similar and do not help in explaining the cause of differences in fire 
behavior properties. In the next section, higher magnification images of the residues, 
SEM images, are then obtained to allow further characterization of the residues on micro 
level. The top layer of the residues (the area that was directly exposed to the fire) is 
analyzed and the results are compared with that of the bottom layer of the residue (the 
area facing away from heat source and in direct contact with aluminum foil sample 
holder). Figure 3.15 provides the SEM images of the residues. With 4T-TTT, the residue 
of the top surface layer (Figure 10 A1) is made of small interconnected cells forming a 
continuous network structure. A few cracks are observed but they appear to not reach 
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deep inside the residue. Interestingly, the bottom surface area of this residue (4T-TTT 
sample, Figure 10 A2) shows minor deterioration. This image may indicate that, at time 
60 seconds, the char and pyrolysis zones have not penetrated the whole polymer as yet. 
This result evokes the work reported by Schartel et al85 who identified three zones in a 
burning polymer,i.e. a residue, a pyrolysis zone and an intact, pure polymer underneath. 
In contrast, with 4T-TOT, the top surface area of the residue shows significant 
deterioration. Both small and large openings are visible. It is postulated that these 
openings (vent holes) formed as the products of decomposition of  4T-TOT network 
escape from the superheated bulk polymer, enter the gas phase and burn. The authors of 
this study recognize that the fire scenario determined by a lower heat flux (25 kW/m2) in 
a cone calorimeter is not a translation of the events that take place at higher external 
irradiation (50 or 75 kW/m2). However, the results obtained at this lower external 
irradiation present a strong case in addressing the burning behavior mechanisms of the 
two networks. The results clearly show that the poorer fire stability of 4T-TOT network 
relative to its 4T-TTT analog may be originating from the ease of decomposition and 
possibly ease of release of flammable volatiles of 4T-TOT network relative to its 4T-TTT 
analog. This conclusion is supported by TGA results for the two networks as discussed in 
previous sections.  
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Figure 3.15 SEM images of the residues obtained after combusting 4T-TTT (A1, A2) and 
4T-TOT (B1, B2) networks in cone at an external irradiation of 25 kW/m
2. The subscript 
1 is used to indicate the top surface layer of residue while the subscript 2 is used for the 
bottom area of sample, in direct contact with aluminum foil sample container. 
 
3.3.8 Investigation of pyrolysis behavior through SEM/EDAX 
Additionally, the pyrolysis behavior was investigated through the cross-section 
analysis of the samples which were partially burnt and force quenched using liquid 
nitrogen at shorter times, followed via examining through scanning electron microscope 
and elemental analysis and presented in Figure 13. Below is the protocol used for this 
analysis: all TTT and TOT contained networks ( combined with 2T, 3T and 4T) were 
exposed at a heat flux of 50 kW/m2 for 5, 10, 15 & 20 seconds before quenching it to 
liquid nitrogen to interrupt the fire. The samples were then examined at the cross-section 
at 500 µm scale under scanning electron microscope.    
  
B1A2 B2A1
(I)  4T-TTT (II)  4T-TOT
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Figure 3.16 Cross-sectional image of partially burnt networks. (A) represents 2T-TTT,( 
B) – 3T-TTT and (C)- 4T-TTT networks. Subscripts indicates the combustion times. (1) 
– 5 sec, (2)-10 sec, (3)- 15 sec,(4)- 20 sec. 
 
Figure 3.16 presented here shows the cross-sectional images obtained through 
scanning electron microscope for TTT based networks with varying crosslink density, 
while Figure 3.17 represents for TOT based systems. From left to right pictures indicate 
the cross-sectional image of a particular network, say 2T-TTT for Figure 3.16-A1 
through Figure 3.17-A4, at increased combustion time, while comparing from top to 
bottom gives an insight on pyrolysis behavior of different networks at similar time. As 
seen there exists three layers: thin crust of residue on top, pyrolyzed layer and then an 
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intact polymer layer on the bottom. For all samples, the pyrolysis zone increased with 
increasing time because of the fire propagation. Since the time of combustion was small, 
there was only a thin crust of residue for all samples. The fire propagation was different 
for samples with different crosslink density. 2T being the least crosslinked (Figure 3.17-
A4) showed a high degree of degradation in the early phase of the combustion (at 20 sec). 
With increasing crosslinked density (4T>3T) the effective depth of pyrolysis from the 
surface reduced., ie., at 20 sec the pyrolysis layer for 4T-TTT(Figure 3.17-C4)  was lesser 
than the pyrolyzed layer obtained for 3T-TTT (Figure 3.17-B4).  
The pyrolysis behavior of TOT networks (Figure 3.18), upon comparison with 
TTT networks, reveals the two isomers typically follows a different pyrolysis behavior: 
TOT  burns faster. Even though TTT ad TOT are structural isomers, the pyrolysis 
behavior is different due to the difference in backbone structure. The C-O bond 
dissociation energy in TOT containing networks are much lower (bond breaks at much 
lower temperature) as compared to C-C bonds available in TTT networks.176–178 Not to 
mention, some reports point at the rearrangement of TOT monomers at higher 
temperature to TTT as discussed early in the TGA secession. 
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Figure 3.17 Cross-sectional image of partially burnt networks. (A) represents 2T-TOT,( 
B) – 3T-TOT and (C)- 4T-TOT networks. Subscripts indicates the combustion times. (1) 
– 5 sec, (2)-10 sec, (3)- 15 sec,(4)- 20 sec. 
 
To quantify and confirm the pyrolysis behavior, elemental analysis was 
performed to detect the elemental composition at varying depth of the cross section. 4T-
TTT and 4T-TOT systems whose combustion was force stopped at 20 sec was used as a 
model system in EDAX for elemental quantification. Since these are thiol networks, the 
unburnt polymer zone is expected to have sulfur along with carbon and oxygen (oxygen 
from the TTT and TOT molecule). Upon comparing the composition with unburnt neat 
polymer, we expect to have oxidized products in the combustion zone. Figure 3.18 shows 
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the SEM image of 4T-TTT systems and to the left indicates the composition of carbon, 
oxygen and sulfur at different zones. For comparison, neat unburnt 4T-TTT was 
examined to have 51.5 % of carbon, 18.3 % of oxygen and 30.2 % as sulfur. All 
concentrations reported here are an average of 3 measurements in that pyrolysis zone. 
 
 
Figure 3.18 Elemental analysis of 4T-TTT networks exposed to combustion for 20 sec. A, 
B,C,D and E represents the imaginary pyrolysis zone. The composition indicated in the left is an 
average of 3 scans in that zone. Neat represents the unburnt pristine polymer samples. 
 
Figure 3.19 represents 4T-TOT network exposed to combustion for 20 sec. When 
compared with 4T-TTT elemental scans, the composition of TTT containing systems 
over different zones vary to a greater extent as compared to TOT networks, ie., the 
increase in oxygen concentration over pyrolysis range (A to E) varies higher as compared 
to TOT networks. Also, zone A in TTT networks resembles the pristine polymer 
composition which is an indication of intact polymer zone at the bottom, whereas in TOT 
containing systems the zone A is already in oxidized state.  
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Figure 3.19 Elemental analysis of 4T-TOT networks exposed to combustion for 20 sec. A, 
B,C,D and E represents the imaginary pyrolysis zone. The composition indicated in the left is an 
average of 3 scans in that zone. Neat represents the unburnt pristine polymer samples. 
 
The pyrolysis investigation lead to an interesting finding that the structural 
isomers follows two different burning mechanism: surface to bulk pyrolysis happens in 
TTT while bulk pyrolysis happens in TOT. This in in agreement with the morphological 
studies done on the direct and indirect surface of burnt samples. The indirect 
morphological pictures of TOT revealed the burnt pockets which is due to the bulk 
pyrolysis while the intact polymer found in TTT samples reveal the surface to bulk 
pyrolysis behaviors.  
3.4 Conclusion  
In this work, thiol and ene monomers of varying functionality and structural 
rigidity were used to fabricate a series of thiol-ene networks by UV light and the thermal 
stability, glass transition temperature and fire behavior properties were determined. Tg 
values spanned between -33 and 54 oC and were dependent on network parents’ both 
monomer functionality and rigidity. In groups, Tg values increase with an increase of the 
crosslink density which in turn is increased with an increase of junction point 
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functionality. The thermal stability, shown by the onset and midpoint temperatures of 
degradation, showed similar trends and the 4T-based network is the most thermally stable 
network. However, the difference between tri or tetra functional thiol based networks was 
rather insignificant. 
The morphology of partially burnt thiol-ene networks was evaluated. A short 
lived protective layer was observed to form over the surface of burning thiol-ene samples 
and was consumed as the fire was progressing to yield negligible or no residue at the end 
of the cone test (external irradiation of 50 kW/m2). The morphology of the short lived 
protective layer was conserved for further analysis by quenching a burning sample in 
liquid nitrogen. At time 60 seconds after ignition, a residue layer covers the entire sample 
surface of the tetra thiol-based thiol-ene networks while incomplete coverage or 
shrinkage of specimen is observed for di thiol-based networks. Comparing the three 
different groups, visually, TTT and TOT based materials show somehow similar 
specimen morphology while TAE exhibit shrinkage and evaporation of network at time 
60 seconds.  
The fire behavior properties of thiol-ene networks were also probed. The PHRR 
values of the networks covered a broad range and spanned between 700 – 1800 kW/m2. 
In a group (material fabricated using a same ‘ene’ monomer but different ‘thiol’ 
monomer), a gradual increase in PHRR is observed in the following order: 2T > 3T > 4T.  
The shapes of the HRR curve revealed different burning behavior characteristics for the 
various networks.  Di thiol based monomers showed rather sharp HRR curves, indicating 
that the samples are pyrolyzed quickly. Deviation from this behavior is observed with 
increasing the network linking density. Tetra thiol based thiol-ene networks show rather 
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broad HRR curves. In particular, for 4T-TTT, the HRR curve shows a sharp increase in 
HRR after ignition, a steady state plateau for about 100 seconds followed by a sharp 
decrease at flame out. A correlation between HRR and MLR curves is demonstrated and 
this finding indicates that the rate of fuel generation and pyrolysis of burning network is 
controlling the fire performance for the network.  Also, partial volatilization or 
aromatized polymer structures is responsible for smoke and CO increases during 
combustion of the tri or tetra based networks relative to their di based analogs.  
We also compared the fire properties of two rather similar networks (4T-TTT and 
4T-TOT) under different fire scenarios. TTT and TOT monomers are structural isomers. 
However, the networks fabricated using the two monomers performed so differently in 
cone. The samples under fire was quenched at time frames 5 s, 10 s, 15 s and 20 s using 
liquid nitrogen to understand the pyrolysis behavior. Both networks, being isomers, 
followed two different methods of burning profile: TTT burns from the surface 
propagating to bulk while TOT burns via bulk pyrolysis. This mechanism of burning was 
confirmed through elemental analysis by examining the cross-section of the burnt 
specimens. The 4T-TTT  network is the best material in this study using PHRR and time 
to sustained ignition as indicator while its analog, 4T-TOT, performed poorly under 
similar conditions. SEM studies of the final residues collected after combusting the two 
networks at low external irradiation (25 kW/m2) were obtained and the morphologies of 
both, top and bottom surface of residues, were compared. The results clearly indicate a 
more compact and less deteriorated residue for 4T-TTT relative to its 4T-TOT analog.  
The results presented in this work show that the fire behavior and thermal 
properties of UV-cured thiol-ene networks can be fine-tuned by controlling the network 
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cross-linking density and chemical composition. The variation in property performance 
induced by the chemistry and structural change means that future UV curing 
technologies, currently dominated by acrylic-based materials, may take advantage of the 
broad range of properties attainable through the use of thiol-ene networks, and fabricate 
the next generation of fire resistant and thermally stable UV-cured networks.  
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CHAPTER IV – FUNDAMENTAL INVESTIGATION OF FLAMMABILITY OF 
EPOXY-AMINE NETWORKS: EFFECT OF VARIOUS EPOXY MONOMERS 
Abstract 
Epoxy amine networks are the other class of polymers with very wide application 
range from dental fillings to rocket castings. Despite of its wide usage, they do suffer 
from relatively poor thermal stability and flame retardancy limiting their applications in 
more demanding areas such as aerospace and electronic industries. In this chapter, we 
aim to establish structure-fire retardant property of neat epoxy resins crosslinked with 
amine to form a crosslinked network. Key structural parameters such as network 
crosslink density, aromatic content, presence of hetero atoms such as nitrogen and 
oxygen were varied and examined for its influence in flame retardant properties. Thermal 
stability and activation energy was determined using thermogravimetric analysis and 
fitting to an Ozawa plot respectively. Differential scanning calorimetry was used to 
determine the glass transition temperatures which varied within the series of networks 
examined. Cone calorimeter was used to determine the fire retardant properties 
compliance with ASTM 1354-90. Several correlations between the structural parameters 
and flame-retardant properties were established In this work, numerical group 
contribution method was employed for the first time for a crosslinked networks to predict 
the heat release and heat capacity of epoxy amine networks. Specific attention was paid 
to the influence of isomers on glass transition temperature, thermal stability, free-volume 
and flame retardancy and it was determined that the key structural changes can influence 
these properties without altering the key chemical nature.  
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4.1 Background  
Epoxy resins are well known for its high chemical resistance, mechanical and 
thermal properties. The degree of crosslinking affects the properties. Heat resistance of 
epoxy networks are directly related to the chemical structure, molecular weight between 
crosslinks, stoichiometry and degree of crosslinking. The crosslinked nature enhances the 
resistance to softening at elevated temperatures. The crosslinked nature enhances the 
resistance to softening and deformation at elevated temperatures.  
Fire properties of epoxy-amine networks: Despite of the advantages, like most polymers 
and other organic compounds, epoxy-amine systems when subjected to suitable ignition 
sources will undergo self-sustained combustion in presence of air. After ignition from 
external sources, polymers are most responsible for the flame spread and propagation.179 
During the polymer combustion processes, several chemical reactions occur: within the 
bulk of polymer phase, at the interface between the polymer and the gas phase and in the 
gas phase. Typically, several complex steps happen when the polymer is exposed to fire. 
In the first step, when the polymer gets heated up, it causes to degrade forming small 
combustible matter (volatile) which diffuse to the surface of the polymer. When a 
suitable spark or source of ignition is brought near, these volatiles migrate to the gas 
phase to start and sustain the combustion. Under steady-state burning, part of the heat is 
transferred back to polymer surface producing more volatile fragments which sustain the 
combustion. The combustion process stops only when there the production of small 
volatile mater stops, ie., when there is no more polymer to support the fire.180        
During combustion process of a typical epoxy network based on bio based 
monomers, kuo etal demonstrated the thermal degradation mechanism using a TGA 
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equipped with FTIR to monitor the chain scission reactions.181 The work modelled 
different chain rearrangement reactions, chain scission and possible small molecules 
released during combustion to feed the combustion is discussed.  Figure 4.1 indicates a 
typical epoxy amine chain and associated bond dissociation energy. 
 
 
Figure 4.1 Typical epoxy amine chain indicating thee possible chain scission sites 
(indicated in red dotted line), to release small molecule which sustains the combustion 
 
In typical epoxy-amine molecular chain, there are three sites for dominant 
degradation as indicated through red dotted lines in Figure 4.1. The dissociation energy 
corresponding to I, I and II are 65kJ/mol, 70 KJ/mol and 347 kJ/mol respectively.181 It s 
very clear from the bond dissociation energy that I and II are dominant sites for 
degradation reaction which will release acetone in addition to other small molecules. 
These small molecules are highly flammable contributing to a self-sustained fire. 
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During combustion process the associated fire hazard includes oxygen depletion, 
heat, smoke, toxic gases and structural failure which can threaten human life.182 Thus a 
fire retardant polymer should not only have lower heat release but also slow release of 
energy along with reduced smoke and toxic gas released. Several research has been 
carried out in this regard and several commercial materials are in place targeting such 
slow release of energy and reduced smoke release. Generally, there are two mechanisms 
by which polymer combustion can be inhibited. One is solid-phase inhibition, where a 
thermally insulating char is formed at the interface between the fire and the polymer 
acing as a thermal barrier for the fire to degrade the polymer. This also includes an 
evolution of non-combustible substance (during the combustion process) such as water or 
non-flammable gasses which have large endothermic demands for thermal degradation, 
thus reducing the heat released. Use of fame retardant materials including, halogenated 
materials 183–185, phosphates 89,149,186,187, inorganic materials18,36–38 and hydroxides74,188,189 
have been suggested to enhance the fire resistant properties of polymers. But, to the best 
of our knowledge, there exists no fundamental studies where the effect of polymer 
structure and chemical groups are examined for fire properties of polymer networks. It is 
important to understand the thermal decomposition and fire resistance mechanism on a 
molecular level in order to develop fire resistant polymers in a much same and economic 
way. 
In this work we intend to establish the correlation between polymer structure, 
composition to their macroscopic flammability. The overall goal is accomplished by 
achieving the following goals listed below.  
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4.2 Experimental  
4.2.1 Materials  
The structures in Figure 4.2 and Figure 4.3 are chosen in order to study the effects 
of specific variables in molecular structure which influences the materials property 
including, crosslinking, aromatic content, naphthalene content and presence of hetero 
atoms such as nitrogen, and the effect of crosslinker’s molecular structure, ie., the 
position of amine groups either on para or meta substitution.  Several epoxide containing 
monomers and oligomers were obtained from sources mentioned below. Some chemicals 
are represented using their abbreviation and some others according to their industrial 
name. Naming scheme shown in this work is listed with their trade name and supplier 
along with chemical name in Table 4.1.  Number in the parenthesis indicates the chemical 
structure shown in Figure 1. DGEBA (1), bisphenol-A based epoxy resin (JER 825, 
epoxy equivalent weight (EEW)= 175 g/eq) and longchain- DGEBA (4), long chain 
bisphenol-A based epoxy resin (JER 1001), EEW = 475 g/eq)  was supplied by 
Mitsubishi Chemical Corporation. DGEBF (2), bisphenol-F based epoxy resin (Epiclon 
830, EEW = 175 g/eq) was procured from DIC Corporation.  Cycloaliphatic-DGEBA (3), 
alicyclic bisphenol-A based epoxy resin (Eponex 1510, EEW = 215 g/eq) was obtained 
from Hexion. Naphthalene (5), difunctional naphthalene containing epoxy resin (Araldite  
MY 0816, EEW = 148 g/eq) , DGA (6), aniline based epoxy resin (Technirez GAN, 
EEW = 125 g/eq), TGPAP (7), aminophenol based epoxy resin (Araldite MY0610, EEW 
= 100 g/eq) TPMTGE (8), trifunctional epoxy resin (Tactix 742, EEW = 160 g/eq), 
TGDDM (9), tetra-functional bis-benzenamine based epoxy resin (Araldite MY721, 
EEW = 120 g/eq), bisnaphthalene (10), tetra-functional naphthalene containing epoxy 
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resin (Araldite MY921, EEW = 163 g/eq),  and oligomers EPN 1138 (11), phenol 
novolac based epoxy resin (Araldite EPN 1138, EEW = 178 g/eq), and Tactix 556 (12), 
phenol novolac with dicyclo-pentadiene based epoxy resin (Tactix 556, EEW = 225 
g/eq), where supplied by Huntsman. All monomers and oligomers were used as received. 
The monomer structures are shown in Figure 4.2. 
Curing agents used in this study includes 4,4'-Diaminodiphenyl sulfone (13), 
(Araldite 9719-1, AHEW = 62.075 g/eq)  and 3,3'-Diaminodiphenyl sulfone (14), (Ardur 
976-1, AHEW = 62.075 g/eq)    are obtained from Huntsman and used without any 
purification as well. The curing agents structure is reported in Figure 4.3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
1
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Table 4.1 List of monomers and oligomers used in this study. The names listed in industry/ product name is the trade names 
associated with the supplier 
Abbreviation  Chemical name 
Industry ®/ product 
name Supplier 
DGEBA Diglycidyl ether bisphenol A JER825 Mitsubishi Chemical 
DGEBF Diglycidyl ether bisphenol F Epiclon 830 DIC Inc. 
Cycloaliphatic-
DGEBA Cycloaliphatic diglycidyl ether bisphenol A Eponex 1510 Hexion 
Longchain-DGEBA Long chain diglycidyl ether bisphenol A JER 1001 Mitsubishi Chemical 
Naphthalene 1,6-Bis (2,3-epoxypropoxy) naphthalene Araldite MY 0816 Huntsman 
DGA n,n-diglycidyl aniline Technirez GAN 
ACCI specialty 
Materials 
TGPAP Triglycidyl- p -aminophenol Araldite MY 0610 Huntsman 
TPMTGE  Triphenylol methane triglycidyl ether Tactix 742 Huntsman 
TGDDM n,n,n’,n’-Tetraglycidyl-4,4'-methylenebisbenzenamine Araldite MY 721 Huntsman 
Bisnaphthalene 2,2’- bis(2,3-epoxypropoxy) bisnaphthalene  Araldite MY921 Huntsman 
EPN 1138 Polyfunctional epoxidized phenol novolac resin Araldite EPN 1138 Huntsman 
Tactix 556 
 
Low Moisture Polyfunctional epoxidized phenol 
novolac resin Tactix 556 Huntsman 
    
3,3’- DDS  3,3’-diamino diphenyl sulfone Araldite 9719-1 Huntsman 
4,4’- DDS 4,4’-diamino diphenyl sulfone Aradur 976-1 Huntsman 
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Figure 4.2 Chemical structures of epoxy monomers used in this work 
 
 
 
Figure 4.3 Chemical structures of amine curing agents used in this work 
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4.2.2 Network formation and rational for the design  
In this work we intend to study and establish a correlation of several factors such 
as glass transition temperature (Tg), aromatic content and naphthalene content on flame 
retardancy of crosslinked polymer network. We also aim, for the first time for crosslinked 
networks, to estimate theoretical heat release using group contribution method and verify 
to the experimental values obtained via cone calorimeter.  
For the purpose of ease of understanding, the monomers have been grouped as 
explained below and analyzed within the groups. Certain groups may have monomers 
repeated to establish a better understanding of various factors that contribute for flame 
retardancy of the crosslinked networks.  
Glass transition temperature (Tg): The effect of Tg on flame retardancy is 
examined via tuning the functional groups present in the monomers. For comparison, the 
amine (curing agent) used in this comparison is kept constant which is 4,4'-
Diaminodiphenyl sulfone (4-4’ DDS). Epoxy monomers are segregated as difunctional 
(monomers 1, 2, 3, 4, 5 and 6 in Figure 1), trifunctional (monomer 7 and 8), 
Tetrafuncitonal (monomer 9 and 10) and multifunctional (monomer 11 and 12) according 
to the epoxide functional groups in the molecule.  
Aromatic and Naphthalene content: The aromatic content of the monomers is 
calculated theoretically for most of the monomers except no.5 and no.10, which were 
compared for its naphthalene content.  
Aromatic group in pendent Vs backbone: While comparing GAN (monomer 6) 
and TGPAP (monomer 7) we can determine the effect of aromatic group when present in 
the backbone and as pendent moieties.  
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Epoxide containing monomers were blended with amine bearing monomers in 1:1 
stoichiometric quantity to make sure no unreacted monomers are present in the 
compositions which were exposed to flame retardancy. In order to compare the effect of 
network structure, epoxy monomer/ oligomers structure was varied while the curing 
agent was 4,4’- DDS. To model the isomeric effect, the effect of 4,4’-DDS was compared 
to 3,3’- DDS in subsequent sessions using selected epoxy monomers.   
4.2.2.1 Specimen preparation. 
All the networks were formulated based on epoxide to amine hydrogen 1:1 
stoichiometry. Two different protocols were used and the curing schedule along with the 
prototype is listed in Table 4.2. Two prototypes were followed because of the limited 
solubility of 4,4’-DDS due to its solid state at room temperature.   
 Certain liquid epoxy monomers were able to dissolve the solid amine crosslinker, 
DDS. For the systems which had difficulties in dissolution, 4,4’-DDS was melted at 
150°C in oven until a homogeneous mixture was obtained (for about 30 minutes) prior 
mixing it with the epoxy monomer. Certain solid epoxy monomers were also preheated 
prior mixing in stoichiometric quantities. These different prototypes are numbered and 
listed in table 2 for the ease of understanding. In prototype 1, the monomers were mixed 
at room temperature followed by casting and curing. In prototype 2, 4,4’-DDS was pre-
heated for 150°C in oven prior mixing it with epoxy monomer, whereas in prototype 3, 
epoxy resin and amine curative (4,4’-DDS) are preheated separately prior mixing in 
stoichiometric amounts. 
After mixing epoxy and amine compounds, the homogenous mixture was 
degassed and then casted in a silicon mold of dimensions 100 mm x 100 mm x 3 mm. the 
 158 
curing and post cure profiles are listed in Table 4.2 along with the prototype used. All the 
networks were post cured at elevated temperatures to make sure free epoxy and amine 
functional groups are not present and completely consumed.  
 
Table 4.2 Curing profile used to prepare network. Calculated quantities of aromatic 
content for each network when cured with 3,3'-DDS. The aromatic contribution from 
each monomer is accounted to calculate the aromatic content 
Chemical Composition 
Cure Schedule Post cure 
schedule 
Prototype % wt of 
Aromatic ring 
in networks  
DGEBA 220 °C / 30 min 250°C / 4 hours Prototype 1 45.85 
DGEBF 220°C / 30 min 250°C / 4 hours Prototype 1 49.24 
Cycloaliphatic DGEBA 220°C / 30 min 250°C / 4 hours Prototype 1 16.08 
Longchain DGEBA 220°C / 30 min 250°C / 4 hours Prototype 2 25.42 
Naphthalene* 250°C / 30 min 280°C / 4 hours Prototype 3 49.02 
DGA 220°C / 30 min 250°C / 4 hour Prototype 1 41.69 
TGPAP 250°C / 30 min 280°C / 4 hours Prototype 1 40.09 
TPMTGE 250°C / 30 min 280°C / 4 hours Prototype 1 52.69 
TGDDM 250°C / 30 min 280°C / 4 hours Prototype 2 43.25 
Bisnaphthalene* 250°C / 30 min 280°C / 4 hours Prototype 3 45.75 
EPN 1138 250°C / 30 min 280°C / 4 hours Prototype 2 59.56 
Tactix 556 250°C / 30 min 280°C / 4 hours Prototype 2 31.70 
* naphthalene rings are considered as 1 aromatic ring for the ease of comparison 
 
4.2.3 Characterization 
Densities of crosslinked samples were determined by hydrostatic weighing 
according to Archimedes principle. Mettler Toledo Balance (model XS-104) equipped 
with a density kit was used in this work. The specimens weight in air was recorded at a 
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controlled temperature followed by measuring the mass of the same specimen in an 
auxiliary liquid. The difference in mass along with the recorded temperature is used to 
calculate the density using the following equation. 
𝜌𝑃 =
𝑊𝐴
𝑊𝐴 − 𝑊𝐿
⋅ 𝜌0 
where, WA is the polymer weight in air, WL is the samples weight in the auxiliary liquid, 
and 𝜌0 is the density of the auxiliary liquid. Deionized water was used as the auxiliary 
liquid with 𝜌0 of 0.997 g/mL. 
Thermogravimetric analysis is based on the weight loss of a sample when 
subjected to a heat treatment because of degradation processes that lead to the release of 
volatiles. Thermogravimetry is a technique widely used in the thermal characterization of 
polymer materials in dynamic conditions, which measures the weight loss experienced by 
a sample subjected to a controlled heating scan as well as in isothermal conditions in 
which the weight loss is measured versus time at a given temperature. With the later it is 
possible to calculate the activation energies of the degradation processes which is beyond 
the scope of this work. The TGA analysis can be performed under nitrogen or air 
atmosphere to give information on the thermal stability in inert or oxidizing media. TGA 
was performed on a Q500 thermogravimetric analyzer (TA Instruments Inc.) at the 10 mg 
scale under a flowing nitrogen atmosphere at a scan rate of 10 °C/min up to 600°C.  
Temperature is reproducible to ±1 °C and mass to ± 0.2%.  TGA experiments were done 
in duplicate and the averages are reported.  
Heating the sample in an inert atmosphere first causes the loss of volatiles such as 
solvents and water absorbed, followed by the loss of low molecular weight components.  
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Thermogravimetric curve is analyzed for characteristic parameters are usually 
defined as Tonset, Td(x%) and Rc (Figure 4.4): 
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Figure 4.4 Representative thermogravimetric curve showing the analyzed parameters 
(Tonset, Td and Rc) 
 
-Tonset: temperature at which the process of weight loss (Td) begins, ie., the bonds just 
start to decompose. Usually this value is calculated by taking the tangent to the curve and 
determining the cross point with the prolongation of the flat line before decomposition 
begins. 
-Td (x%)The one other parameter often reported is the data for the temperatures at which 
partial decompositions have taken place represented as Td (x%) where x % represents 5, 
10, 50% weight loss.  
-Rc: carbonaceous residue is the weight (%) of the sample remaining after degradation. 
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Bond dissociation energy present in the chemical structure of the polymer is the 
parameter that determines the temperature of degradation of polymer (heat resistance). 
Table 1 shows the bond dissociation energy of certain common chemical bonds.190 The 
presence of high-energy bonds provides high heat resistance to the polymer, as is the case 
of sp2 bonds C = C in conjugated aromatic rings. By contrast, the presence of labile 
bonds may trigger the rapid decomposition of the polymer and reduce its thermal 
resistance. Not to confuse with the heat released which depends both on bond 
dissociation energy as well as the char forming capacity of the molecule. For instance, 
presence of aromatic ring in the molecule will promote char formation which will reduce 
the heat released by the polymer.  
 
Table 4.3 Bond dissociation energy of several chemical bonds considered in this work 
Bond Type C-H C-N C-C C=C C-O C=O Benzene 
Energy (KJ/mol) 413 305 347 614 358 799 518 
 
There are other structural parameters that significantly influence the thermal 
stability of a polymer. Some of the most important are: 191 
a) Structures that do not easily transpose. 
b) Structures stabilized by resonance (benzene). 
c) Bond angles not stressed in the ring structures. 
d) Intermolecular Interaction forces. 
e) High molecular symmetry (structural regularity). 
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The glass transition temperature, Tg is the temperature at which the transition of 
the onset long-range cooperative movements of the molecular chain in crosslinked 
amorphous polymers. At this temperature there is a significant increase in large scale 
movements of the macromolecular chains and as a consequence of this, the chain 
mobility is increased, making it rubbery above the Tg. Thermal transition, the glass 
transition temperatures (Tg)s of the networks were obtained using a differential scanning 
calorimeter, a DSC Q100 (TA DSC).  Samples were accurately weighed (about 5 mg in a 
Mettler Toledo weighing balance) and were subjected to a heat/cool/heat scanning 
profile. In the first heat cycle, the sample was heated to 300°C at a ramp rate of 10°/C, 
which was subsequently cooled down to room temperature at a rate of 5 °C/min. Next, 
the sample was again heated to 300°C at a ramp rate of 10°C/min and observed for any 
thermal transitions. The second heating scans are reported and the inflection point of the 
heat flow at the glass transition was conventionally assigned to Tg. The Tg was 
determined as the value of the temperature at the midpoint in the interval where heat 
capacity changes.  
In this work, we tried to establish a relationship between Tg and heat release of 
crosslinked systems. Hence it is important to understand the factors affecting Tg 
described as follows. Tg is strongly influenced by the chemical structure of the polymer, 
molecular rigidity and the intensity of the intra-and intermolecular interactions and other 
factors: 
a) Crosslink density/ monomer functionality:  A more flexible chain yields a lower 
Tg. The flexibility depends on the crosslink density which in turn depends on the 
functionality of the monomers used. 
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b) Molecular weight between crosslinks: High molecular weight monomers/ 
oligomers lead to increased molecular weight between crosslinks (Mc). Networks 
with high Mc will have lower Tg due to the increased mobility of the chains.  
c) Structural rigidity/Bulky groups: The presence of bulky groups, such as aromatic 
ring, in the network can either increase or decrease the Tg depending on the if it is 
present in the backbone or as pendent molecule. When the bulky group is present 
as pendent molecule, decrease in Tg is attributed to the separation of chains, 
caused by the volume of the groups, thereby hindering the formation of hydrogen 
bonds or other interactions between them; and, the presence of these groups in the 
backbone increases intramolecular interactions, resulting in increased structural 
rigidity and, therefore, an increase in Tg. 
d) Polar groups. The presence of polar groups such as ether linkage (C-O) even 
though it favors the interaction between chains due to dipole interactions, the C-O 
bonds are more flexible than the aliphatic chains which will reduce the network 
rigidity causing a decrease in Tg. 
e) Low molecular weight fragments: Unreacted low molecular weight compounds 
may act as plasticizers, lowering the thermal (and mechanical) properties of the 
material being evaluated. 
 
As mentioned in the previous chapter, the cone calorimeter measures the rate of 
heat release via measuring the oxygen combustion during burning. Polymer specimen of 
dimensions 10 x 10 x 3mm with a known weight is continuously exposed to specific heat 
radiation (corresponding to a heat flux of 50 Kw/m2) while the fire is ignited forcefully 
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through igniting spark. The rate of loss of weight of the specimen is monitored while 
under fire along with measuring the released CO, CO2 concentration through the sensors 
through analyzing the gas at the exhaust. Parameters such as time to ignition (Tig), heat 
release rate (HRR), peak heat release (PHR) total heat released (THR), mass loss rate 
(MLR) and smoke and toxic gas release rate can be quantified through this technique.  
We aim in establishing a relationship between the structure- fire retardant 
properties of crosslinked networks. Certain factors affecting flame retardant properties 
which are reported in literature is described below.182,192,193  
a) Aromatic content: In general, aromatic compounds promote the char formation 
during combustion process. Char is a carbonized layer, which is composed of 
non-combustible compounds, reduces the thermal conductivity, slows or prevents 
the volatiles to escape to feed the fire, thus making it flame retardant materials. 
Presence of aromatic group in the polymer contributes for the formation of char 
thus making the polymer a flame-retardant material as compared to aliphatic and 
alicyclic compounds.  
 
 
b) Presence of week chemical bonds: Presence of week bonds in the polymer 
backbone creates thermally unstable compounds when exposed to heat. The 
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production of volatile compounds aid in feeding the fire. Thus presence of week 
bonds which are prone of early degradation will lead to production of higher 
volatiles which reduces the flame retardancy of polymers. 
 
c) Presence of heteroatoms: Presence of hetero atoms such as nitrogen is well 
reported to promote the char yield during the combustion process. Thus presence 
of high char yielding compounds will help retard the flammability of polymers.   
These parameters provides an insight of some factors affecting the flame-
retardancy of polymers. But in reality the effects might be synergistic or deteriorating 
depending on the individual systems under investigation.194 
Average heat release is a parameter which can be calculated from the total heat 
released over a specific time. This parameter, which is different from PHR, gives an in-
depth knowledge of the flammability of the polymer, ie., a sample having a prolonged 
heat release but can having one high peak heat release (Figure 4a) is better than a curve 
having big area with a lower peak hear release point (Figure 4b).   
 166 
 
Figure 4.5 Representative plot showing the significance of average heat release. This plot 
doesn't show the real data from the instrument and this is hand drawn to show the 
difference in curve 
 
In this work we aim to address the following research questions. 
1. What is the most effective chemical structure to achieve inherent flame retardant 
polymer material? 
2. What are the key variables influencing the flammability of neat polymer not 
limited to crosslink density, bulkiness and aromaticity etc. 
3. What material property has effect on fire properties such as pHRR, time to 
ignition, average HRR and THR? 
4. Can we predict the fire properties of a crosslinked networks via group 
contribution method? 
5. What is the effect of isomers in fire behavior and how it relates to the free-volume 
in the networks?  
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4.3 Results and discussion 
4.3.1 Thermogravimetric analysis (TGA): 
Thermogravimetric analysis of the networks conducted in N2 atmosphere 
(pyrolytic decomposition), is presented in Figure 4.6(A). All the network compositions 
differed in Tonset temperature, and % char yield which is reported in Table 3. For all 
networks, degradation temperature falls between 330°C to 500°C resulted in loss of low 
molecular weight compounds.   Thermograms revealed that the networks decompose in a 
single mass loss step except for cycloaliphatic DGEBA based networks. We anticipate 
the two-step degradation mechanism for cycloaliphatic based networks is the high strain 
associated with the ring structure caused it to decompose at an early stage, indicated as 
the first step in thermal degradation195,196 with low onset degradation temperature around 
329°C, followed by the chain scission of backbone  at second thermal degradation step 
happening at around 370°C. However, this must be further analyzed, and it is beyond the 
scope of this investigation.      
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Figure 4.6 TGA curves for all networks heated up to 600°C in nitrogen. (B) Plot 
indicating different networks has different char yield 
 
Tonset: The onset degradation temperatures (Tonset) indicates the temperature at which the 
degradation and chain scission starts. Table 4.4 list different parameters measured using 
TGA and Tonset varies broadly from 330 °C to 430 °C. This is dependent on several 
factors, not limited to crosslink density, bond dissociation energy of the backbone 
chemical structure, chain packing to name a few. Compounds, cycloaliphatic DGEBA, 
DGEBA and DGEBF, despite of structural similarities have different onset temperature. 
Cycloaliphatic DGEBA having lowest onset temperature mainly because of the low 
thermal stability associated with the ring strain of cycloaliphatic structure as compared to 
their analog compounds. Between DGEBA and DGEBF, the former has lower onset 
temperature due to the interrupted chain packing arising from the presence of methyl 
groups in the backbone structure. 
The onset degradation temperature of the networks analyzed the following trend:  
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Cycloaliphatic DGEBA< DGA< TPMTGE< TGPAP< Bisnaphthalene< 
TGDDM< DGEBA< EPN 1138< DGEBF< Tactix 556< Longchain DGEBA. 
Longchain DGEBA has higher onset degradation temperature compared to other 
networks under investigation. We hypothesize this is due to the chain flexibility and the 
ability to ring-flip at 1,4 substituted phenyl positions acting as a mechanism for energy 
dissipation associated with the long chain epoxy component which requires more energy 
for the chain cessions to occur. The networks based on Tactix 556 (epoxidized phenol 
novolac based polymer with cyclic rings) has the second highest onset degradation 
temperature.197 Compared with EPN 1138, which is from the same family of polymers 
(epoxidized phenol novolac), the higher onset temperature of Tactix 556 is mainly 
observed due to the thermal rearrangements associated with the cyclic ring structures.198 
Char Yield- The other important information via TGA is the % char yield. The 
amount of char yield depends on the several factors not limited to presence of 
electronegative elements such as nitrogen and charring moieties such as aromatic and 
naphthalene-based compounds. Table 3 is sorted in the order of increasing char. The data 
reveals that DGEBA based epoxy (cycloaliphatic DGEBA, Longchain DGEBA and 
DGEBA) has the lowest char yield, whereas naphthalene-based compounds possess 
highest char yield. It has been well reported in literature that the naphthalene has the 
highest char forming capabilities among the family of organic compounds.199,200 
Comparing EPN 1138 and Tactix 556, being same family of epoxy novolac resins, the 
former yields higher char than later. The reason behind this is unknown at the moment 
and needs further investigation. These compounds are obtained from industry and the 
exact chemical structures, impurity level etc., are unknown. A better understanding the 
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chemical structure is required to justify the properties associated with these compounds. 
DGEBF and DGEBA, thought these are structural isomers, DGEBF yields higher char 
(22.69%) compared to DGEBA (14.15 %). This needs further investigation and to our 
best of our knowledge, no studies has been done.   
 
Table 4.4 TGA data for all networks in studying structure- FR properties of epoxy amine 
Material Tonset(°C) T10% (°C) T50% (°C) 
Char 
Yield(wt%) 
 
DTmax(°C) 
Cycloaliphatic DGEBA 329.68 338.19 396.94 8.27 342.48 & 425.14 
Longchain DGEBA 428.43 425.31 455.96 10.45 457.13 
Tactix 556 423.34 429 441.49 12.01 453.91 
DGEBA 402.04 416.23 438.65 14.15 437.08 
DGEBF 411.97 406.29 436.95 22.69 433.23 
DGA 369.41 356.92 416.52 23.73 410.78 
TGDDM 398.35 405.45 436.09 25.61 414.31 
TGPAP 386.15 391.83 428.72 25.64 429.54 
TPMTGE 374.52 380.19 433.83 28.13 413.85 
Naphthalene 378.49 385.58 423.33 32.37 416.95 
Bisnaphthalene 387.57 396.37 427.58 33.88 421.52 
EPN 1138 403.18 411.97 456.24 35.85 433.99 
Tonset – Onset temperature; T10% - Temperature at 10% degradation; T50% - Temperature at 50% 
degradation; DTmax – Maxima of mass loss rate 
 
The presence of oxygen atmosphere during combustion will certainly have some 
effect in degradation process. Lyon etal. demonstrated the difference in thermal 
degradation behavior and the characteristic temperatures when the degradation 
experiments are carried out at different atmosphere, ie., in N2 or in air.
201 Thus the TGA 
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data reported in this work corresponds to the combustion carried out in N2 atmospheres 
and potentially the results will vary if the experiments were carried out in air.  
4.3.2 Effect of Curing temperature on fire properties of crosslinked networks: 
There have been several reports on the network properties being dependent on the 
curing profile (temperature and time).202 In this work, we aim to determine, if any, the 
effect of curing temperature on the fire properties of the network. TGDDM was taken as 
a model system to examine this effect because of its wide usage as matrix materials in 
composite applications. Calculating activation energy and relating that to cone 
calorimeter results were chosen as a reasonable way to determine the fire properties.  
4.3.2.1 Activation energy of decomposition via Ozawa Plots. 
To determine the activation energy of networks, constant heating rate TGA 
technique was used based on Flynn & wall method.203,204 According to this method, each 
sample requires weight loss determination for three or more different linear heating rate, 
usually 0.5 to 50°C/ minute. The characteristic temperatures, Tonset, Tx% and DTmax, are 
dependent on the heating rate applied. In general, as the heating rate increases, the 
characteristic temperatures shift to higher values.  
This approach assumes basic Arrhenius equation as shown in Equation 1 below. 
𝑑𝛼
𝑑𝑡
= 𝑍 exp (−
𝐸𝑎
𝑅𝑇
) (1 − 𝛼)𝑛 
where, α – fraction of decomposition 
 t – time (sec) 
 Z – pre-exponential factor (1/sec) 
 Ea – activation energy (J/mole)    
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 R – gas constant (8.314 J/mole K) 
 N – reaction order (dimensionless) 
 
This equation is rearranged to determine activation energy as shown below 
𝐸𝑎 = (−
𝑅
𝑏
)
 𝑑𝑙𝑛𝛽
     𝑑 (
1
𝑇)
 
Where, b – constant (n=1) 
 Β – heating rate (°C/min) 
 T – temperature of weight loss (°C) 
 
In this study we intend to determine if there is any change in activation energy for 
similar network cured at different temperature. TGDDM, being commonly used in 
composites, we varied the curing temperature from 150°C, 180°C and 220°C for 30 min. 
TGA experiments were carried out at three different heating rate, 10°C/min, 20°C/min 
and 40°C/min for the samples cured at different temperatures mentioned above. Figure 
4.7 is a representative plot of TGDDM- 3,3’-DDS based networks cured at 220°C for 30 
min. 
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Figure 4.7 Representative plot of TGDDM exposed to TGA at different heating rate 
The temperature of degradation ,Td (x%), at various weight percentage is 
extracted from the Figure 4.7, termed as β and plotted as a function of inverse ramp 
temperature (Figure 4.8). It follows a linear trend for the three observed points.  
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Figure 4.8 Flynn & wall method: Temperature of degradation at various heating rate 
plotted as a function of heating rate 
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The slopes of the lines were extracted to calculate the activation energies at 
various temperature of degradation Td (x%) as shown in Figure 4.9. As seen the 
activation energy increases initially then plateaus off till 80 % degradation. Beyond 80% 
degradation, ie., after complete decomposition of the network, the activation energy is 
high because of low mass content and complete formation of char. Averaging the 
activation energies over the entire range of degradation extent gives the activation energy 
of TGDDM- 4,4’-DDS system cured at 220°C for 30 min as 94.4 KJ/mol. 
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Figure 4.9 Activation energies at various partial degradation of TGDDM network 
TGDDM network cured at various temperatures, 150°C and 180°C, also followed 
a similar trend and the calculated activation energies were 90.4 and 92.8 KJ/mol 
respectively. As seen, the activation energy of a system cured at higher temperature was 
found to be higher as compared to the systems cured at low temperatures. This is in 
agreement with the heat release rate determined via cone calorimeter explained below. 
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4.3.2.2 Cone calorimeter results of TGDDM networks cured at varying 
temperatures 
The heat release rate of TGDDM based epoxy resin cured with 4,4’-DDS 
crosslinker obtained via cone is shown in Figure 4.10. Networks cured at 150°C / 30 min 
had higher peak release rate whereas networks cured at 220°C/ 30 min had the lowest. 
Even though the networks didn’t have any free epoxide or amine functional groups 
(examined using FTIR, not shown) the differences could probably arise from the extent 
of condensation reactions occurring between the hydroxyl groups present in the network's 
backbone. This is not certain at this moment and this needs further investigation. This can 
be modelled or confirmed by analyzing for free hydroxyl groups using FTIR, while  
heating the networks to elevated temperatures.  
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Figure 4.10 Heat release rate of TGDDM epoxy based networks crosslinked with 4,4'-
DDS at different temperatures, 150°C, 180°C and 220°C for 30 min 
Currently, 5°C/ min and 30°C/min ramp rate experiments are being carried out for all other 
networks to determine the activation energies of various networks.  
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4.3.3 Differential scanning calorimetry (DSC): 
The DSC thermograms shown in Figure 4.11 indicates the absence of crystalline 
domains and a clear transition of heat flow at glass transition. As seen in Figure 4.11, the 
glass transition temperature of all the networks varied from 121°C to 291 °C with 
Longchain DGEBA being the lowest and TPMTGE highest. Tg of all networks is listed 
in Table 4.5.  
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Figure 4.11 DSC thermograms of all networks. Second heat reported for Tg 
determinations. Curves vertically offset for clarity 
 
Longchain DGEBA containing networks possess low Tg because of the high 
molecular weight between crosslinks. The Tg of DGA containing networks is low due to 
two hypothetical reasons: the first being a difunctional epoxy which leads to low 
crosslink junction points and the second being the structural complexity due to the 
aromatic ring which is attached to the backbone via nitrogen compounds causing the 
chains to rotate along the axis(see Figure 4.2 in experimental session). DGEBA, DGEBF 
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and alicyclic DGEBA being isomeric structures, DGEBA has the lowest Tg. The 
presence of methyl groups in the linkage interrupts the chain packing causing the 
molecular motions to reduce the Tg of these networks as compared to DGEBF based 
networks. 
Table 4.5 Glass transition and density of networks crosslinked with 4,4'-DDS 
 Name Tg (°C) 
 Density 
(gm/cc) 
 
 Longchain DGEBA 121 1.192  
 DGA 135 n/d*  
 DGEBA 165 1.268  
 DGEBF 175 1.248  
 Alicyclic DGEBA 190 1.184  
 Bisnaphthalene 215 1.262  
 Naphthalene 220 1.318  
 Tactix 556 221 1.227  
 TGPAP 241 1.325  
 TGDDM 245 1.273  
 EPN 1138 255 1.283  
  TPMTGE 291 1.272  
 
Bisnaphthalene being a tetra functional monomer, the Tg is lower than the 
difunctional naphthalene monomer because of the methyl linkage present between the 
naphthalene units which promotes the cis-trans rotation.200 Oligomers Tactix 556 and 
EPN 1138, which are both novolac based epoxy systems, differ in Tg. Tactix 556 has 
lower Tg because of the ring structure which connects the aromatic ring increasing the 
molecular weight between crosslinks. Polymers with high stearic hinderance, which is 
associated with aromatic groups, will have high rigidity thus increasing the glass 
transition temperature. Since these are oligomers, the impurities should also be taken into 
considerations. TGPAP is a trifunctional monomer which contains an additional ether 
linkage making it flexible compared to the other trifunctional monomers used in this 
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study. TGDDM in addition to its four functionalities, the aromaticity in the backbone, 
due to stearic hinderance, imparts rigidity to the network which leads to high Tg of these 
networks.  TPMTGE based networks have high Tg when compared to the tetra-functional 
and other monomers mainly due to the tri benzene structure which leads to the most rigid 
networks.205     
4.3.4 Density: 
Densities of all networks, measured via Archimedes principle, are reported in 
Table 4.5. As seen the networks possess varying densities and this depends on both the 
chemical composition and the network crosslink density.  Usually, density is a good 
measure of crosslink density of networks having identical chemical moieties: networks 
with high crosslink density will have high density and vice versa. As seen from the 
obtained data, density measured (1.192 g/cc) for longchain DGEBA containing networks 
is the lowest which indicates this has the lowest crosslink density, whereas networks with 
TGPAP (density = 1.325 g/cc) has the highest. As mentioned earlier, the density depends 
on the chemical composition as well. Despite naphthalene-based epoxy resins are 
difunctional, one would expect a low crosslink density, the density of naphthalene based 
compounds (1.318 g/cc) is higher than the tetra-functional bisnaphthalene based 
compounds (1.262 g/cc). This is mainly due to the conformational changes associated 
with the bisnaphthalene monomers making the chain be more flexible leading to a less 
dense crosslinked networks. 
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Figure 4.12 (a) Epoxy functionality and (b) aromatic content plotted as a function of 
density of the crosslinked networks. 
 
Based on our previous work detailed in chapter 2, for a chemically identical 
networks, density decreases with decreasing crosslink density. The functional groups 
present in the monomers affected the crosslink density. Hence networks are grouped 
based on their epoxy functionality and plotted as a function of density of the network in 
Figure 11a. Unfortunately, in this study, the effect of change in crosslink density cannot 
be isolated from the effect of phenyl/ naphthalene content. Thus, the networks having 
similar functionality (difunctional group: alicyclic DGEBA, long chain DGEBA, 
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DGEBA, DGEBF and naphthalene) posses different densities. The density of these 
networks doesn’t depend only on the degree of crosslinking but also the chemical 
compounds such as aromatic rings and hetero atoms present in the network. Figure 4.12b 
displays aromatic content plotted as a function of density. As seen with increasing 
aromatic content the density increases which indicated the density depended on the bulky 
aromatic content in the network. Despite having a trend with increasing density with 
aromatic ring, the vales are not completely in agreement which indicated the density of 
the networks doesn’t solely depend on the aromatic content, but also several factors such 
as crosslink density, presence of hetero atoms (nitrogen) in the network. 
4.3.5 Cone calorimeter: 
The fire assessment of the prepared networks were studied using a cone 
calorimeter, which is a standard technique compliance with ASTM E1354 as described in 
the previous chapter and elsewhere.62,85,206,207 Networks were casted to standard 
dimensions ( 100 mm x 100 mm x 3 mm) and tested in a horizontal position at a heat flux 
of 50 Kw/m2 at the surface with 24L/sec as exhaust flow. All specified epoxy monomers 
where cured with 4,4’-DDS to study the exclusive effect of epoxy structure on properties. 
Specimens were tested for parameters such as time to ignition ( Tig), peak heat release 
rate (PHRR), time to peak heat release rate (TPHRR), total hear release ( THR), Average 
effective heat of combustion, mass loss rate, and char yield.    
The results are presented in groups to simplify the data interpretation of the 
networks. Networks having difunctional epoxy monomers are placed in one group 
whereas networks containing multifunctional epoxide groups are in the other group. Not 
to mention, the segregation is just to display the heat release curves and later in this 
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section, we have compared several monomers to analyze and interpret various effect of 
flame retardancy of these networks. All networks followed a solid state pyrolysis 
(networks converted to a solid char during combustion without changing to liquid) which 
is a characteristics of crosslinked systems. 
Di-functional epoxide containing networks:  This group comprises of difunctional 
epoxies, DGEBA, DGEBF, Alicyclic DGEBA, Longchain DGEBA, Naphthalene and 
DGA containing networks. The heat release curves of all these networks are presented in 
Figure 4.13. 
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Figure 4.13 Heat release curves of difunctional epoxide containing monomers 
 
As seen in Figure 4.13, the curves typically follow the burning behavior of  
reported in literature. 73 The sharp peak in HRR curve of DGEBA based networks 
indicates the entire sample is being pyrolyzed without or little char formation. Similar 
behavior is observed for structurally similar monomers, DGEBA, DGEBF, cycloaliphatic 
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DGEBA and longchain DGEBA. For DGA containing networks, there exists two peaks 
and the curve essentially indicates the char forming capability which may be due to the 
presence of high aromatic content as pendent molecule. The first HRR peak associated 
with DGA containing networks can be explained by the rapid decomposition of the 
aliphatic backbone nature of these networks which initiates the combustion and the 
reduction in HRR is because of the formation of char (thermal barrier). The second heat 
in HRR happens when the formed char breaks down to release the trapped volatiles 
underneath it. For naphthalene containing systems, there exists three integral peaks which 
is due to the high char forming capability of naphthalene rings.  
Longchain DGEBA had a delayed tPHRR and a lower HRR among the difunctional 
based epoxy resins. The delayed tPHRR can be explained and related to the energy 
dissipation mechanism happening due to the rotation happening at 1,4 phenyl substitution 
along the backbone. This also lead to an increase in combustion time. Long chain 
DGEBA based networks, despite of low aromatic content(25.42%- Refer table 2 in 
experimental), the HRR is the lowest among the family of difunctional epoxy based 
networks.  The reason for this is unknown at the moment and further investigation is 
carried out. DGEBA, DGEBF and Longchain DGEBA (structurally similar monomers) 
exhibits similar time to ignition (around 48 seconds), whereas cycloaliphatic DGEBA’s 
time to ignition is much lower (37 seconds) which is in agreement with the onset 
temperatures recorded via TGA for the above said reasons.  
The other interesting feature noted here is the total duration of the burns. DGA 
containing networks has lowest burn duration which is an indication of rapid release of 
energy during combustion process. This can be explained via the aliphatic bonds present 
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in the backbone which has low bond dissociation energy. Structurally similar monomers 
except longchain DGEBA has similar duration to burn. The reasons for longchain 
DGEBA to have higher duration of burn along with slower rate of heat release points to 
the chain rotation to dissipate the energy which requires high activation energy for the 
bonds to dissociate.  
Peak heat release rate (PHRR) is a measure of the maximum heat released during 
combustion process. All the networks except naphthalene-based networks possess PHRR 
above 1000 kW/m2. It is important to note that, PHRR alone as a parameter might 
mislead the interpretation of the fire characteristics of polymers. A combination of time 
PHRR along with average heat release, char yield and the nature of the curve is to be 
considered while investigation of flame characteristics of polymers.  
Average heat release (AHR) is an important parameter which is calculated by 
integrating the area under the HRR curve over combustion time. AHR essentially 
indicates the heat release over the entire combustion time. It is a parameter that combines 
the total heat release with the peak heat release. As seen in Table 4.6, the AHR of 
naphthalene containing networks are the lowest mainly because of the low HRR along 
with high char yield of these systems. Cycloaliphatic DGEBA containing networks 
despite of having lower PHRR values compared to DGEBA, possess higher Average 
HRR which is mainly because of the faster combustion process happening at the early 
stages of fire. (From the HRR curves in Figure 4.13).   
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Table 4.6 Cone calorimeter data for Difunctional (top set) and multi-functional (bottom 
set) epoxide containing networks 
 
Total heat release (THR) is a measure of combustible substance within the 
network. It is directly related to the amount of char yield: higher the presence of char 
formation lowers the THR. The components in the network has to transform either to 
volatiles or into a char during combustion process.  As seen in Table 4.6, naphthalene 
networks has the highest char forming capability and it posses lowest THR among 
difunctional epoxide containing networks. DGEBA and its structurally similar monomers 
(DGEBF, Cycloaliphatic DGEBA and long chain DGEBA) has the lowest char yield and 
higher total heat release.   
Cone calorimeter measures the mass loss for the entire combustion period and this 
is termed as average mass loss rate (avg. MLR). This gives the measure of volatiles 
Chemical Composition 
Tig 
(sec) 
PHRR 
(kW/m2) 
TPHRR 
(sec) 
Avg. HRR 
(kW/m2) 
THR 
(MJ/m2) 
Avg 
MLR 
(g/m2s) 
Char 
yield 
[%] 
DGEBA 45 1622 79.0 698 95.6 48.7 5.4  
DGEBF 48 1409 79.8 589 85.2 47.5 9.7 
Cycloaliphatic DGEBA 37 1438 83.5 737 108.4 51.6 5.6  
Long chain DGEBA 51 1540 105.0 534 100.1 42.2 6.3  
Naphthalene 46 999 74.0 469 62.4 34.9 25.4 
DGA 39 1347 52.5 642 80.3 41.6 10.5 
        
TGDDM 40 1009 63.5 491 78.5 37.4 17.9  
TPMTGE 41 1448 88.0 573 72.8 47.7 22.6  
Tactix 556 45 1461 86.5 622 103.9 48.3 4.7 
EPN 1138 46 1214 97.5 465 72.1 41 24.4 
TGPAP 49 1346 82.0 656 65.3 43.5 21.6 
Bis Naphthalene 39 1438 61.5 615 55.7 36.8 24.6 
Note: Tig – time to ignition; Duration – total time for combustion; PHRR – peak heat release 
rate; TPHRR – time to PHRR; Avg. HRR – average heat release rate; THR – total hear release; Avg. 
MLR – average mass loss rate;            char yield – amount of residue after combustion 
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released and it can be an used in evaluating the char formation capabilities of the 
network. Naphthalene based systems which has high char yield has low average MLR 
which implies that, the amount of volatiles released is lower and naphthalene transforms 
to incombustible char during combustion process. The average MLR for cycloaliphatic 
DGEBA based networks are the highest which might be explained through the fast 
decomposition characteristics of cyclic rings. This can be further confirmed through the 
low char yield for cycloaliphatic containing networks.  
Multifunctional epoxide containing networks:  
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Figure 4.14 Heat  release curves of multi-functional epoxide containing monomers 
 
Figure 4.14 represents the raw heat release rates of networks containing multi-
functional epoxide groups. This group includes TGDDM, TPMTGE, TGPAP, bis 
naphthalene and oligomers Tactix 556 and EPN 1138. most of the networks have similar 
time to ignition except for Tactix 556, EPN 1138 and TGPAP.  Among the networks 
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containing multi-functional epoxide groups, bis naphthalene systems had shorter duration 
of combustion along with high char yield. This is primarily due to the presence of 
aliphatic linkages between naphthalene units which decomposes at a faster rate compared 
to aromatic groups and combustion of naphthalene units promote char formation as 
mentioned previously. When bis naphthalene and naphthalene containing networks are 
compared for PHRR, bis naphthalene exhibits higher value. When the curves are 
compared, the bis naphthalene networks when exposed to heat flux, there is a rapid 
release of energy primarily arising from the methylene linkages between the bis 
naphthalene units. This week bond tends to dissociate at a faster rate which explains the 
reason of having high PHRR. TPMTGE containing networks despite of high char yields, 
the PHRR is the highest. We hypothesize this is due to the C-C linkages between the 
bulky aromatic group which tend to degrade but needs further investigation. The HRR 
curves of networks TGDDM and EPN 1138 indicates char forming behavior, ie., the 
curve reaches its peak followed by a gradual decrease in HRR due to the formation of 
thermally insulating char. Tactix 556 networks has high PHRR and a prolonged period of 
combustion. The prolong combustion period is due to the dimerization tendency of these 
oligomers at elevated temperatures.198 The low char yield for Tactix 556 networks, which 
is explained by the low aromatic content in the network (Table 4.2 in experimental 
session), and high THR explains that the networks decompose to form more volatiles 
under combustion. One would expect to have high average HRR for bis naphthalene 
based systems. But our results indicated that the degradation rate was raping and despite 
of higher functionality (4 functional) as compared to naphthalene (2 functional), the 
former exhibited higher average HRR.  
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It is important to note that, a single parameter might mislead the interpretation of 
the fire characteristics of polymers as seen in the case of TPMTGE were these networks 
has high PHRR values but have low average heat release and high char yield. A 
combination of time PHRR along with average heat release, total heat release, char yield, 
smoke production and the nature of the curve is to be considered while investigation of 
flame characteristics of polymers.  
4.4 Correlation analysis 
In the field of polymer flammability, to the best of our knowledge, no single 
material property by itself has been related with fire performance because the burning 
rate, ignition and heat release rate depends on the extrinsic quantities such as 
temperature, atmosphere of combustion and the reaction products released when polymer 
is exposed to heat and so on. In this work we aim to establish a relation between polymer 
properties to the fire properties. When such physical property is plotted as a function of 
fire property, the magnitude of R2 is considered to provide the regression accounts for 
dependence or not. When R2 equals 1, the regression accounts for all variations in the 
physical property accounts for change in fire properties thus the correlation is 
deterministic. On the other hand, R2 equal zero indicates the physical property accounted 
has no effect on the fire property of that networks. 
As mentioned earlier, average HRR appears to provide insight about the fire 
properties of a polymer since it takes account the heat release, which is rooted to the 
chemical structure, over the entire combustion time. On the other hand, the most 
important parameter in studying the effect of polymer structure on its properties is the 
glass transition temperature (Tg). One would expect that the rigid networks will require 
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high bond dissociation energy which will lower average HRR and vise versa. As seen in 
Figure 4.15, (R2 = 0) there is no correlation between the glass transition temperature of 
the networks and it is corresponding average heat release rate. This is mainly because of 
the complex dependence of average HRR not only on the rigidity of the networks but also 
several other parameters not limited to the char forming ability, thermal stability etc. 
Hence, average HRR of a network cannot be predicted just by the knowledge of glass 
transition temperature. The average HRR obtained was also compared with the char yield 
of the networks (not shown). The apparent average HRR values didn’t depend on the 
amount of char formed at the end of combustion.  
100 150 200 250 300
0
200
400
600
800
1000
EPN 1138
TGDDM
Naphthalene TPMTGE
TGPAP
BisNaphthalene
Tactix556
Alicyclic DGEBA
DGEBF
DGEBA
DGA
A
v
g
. 
H
R
R
 (
k
W
/m
2
)
Tg (°C)
longchain DGEBA
 
Figure 4.15 Average HRR plotted as a function of glass transition (Tg) of networks. The 
graph indicates there is no relationship between the Avg. HRR and the Tg. The 
magnitude of  R2 = 0 indicating the average HRR is independent of Tg 
 
The next essential parameter in fire property of a polymer network is its time to 
ignition (Tig). It is a measure of polymers stability to fire conditions and it is important for 
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the material development since flame spread could be seen as a succession of ignition. Tig 
was compared to the thermal degradation of networks at 5% (T5%) determined via TGA 
and shown in Figure 4.16. Overall, the time to ignition of networks with higher T5% is 
greater. The values doesn’t absolutely match, but the relation between these two factors 
ae quite satisfactory. The magnitude of R2= 0.54 which indicates the moderate 
dependence of time to ignition to the temperature of 5% degradation possibly because the 
values determined for T5% is via TGA in nitrogen atmosphere where as the tig is through 
cone calorimeter under atmospheric air conditions. However, this is a good indication 
that the networks which tend to degrade faster in TGA will have rapid time to ignition.  
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Figure 4.16 Temperature of 5% degradation (from TGA data) plotted as a function of 
time to ignition (from cone calorimeter) 
 
Total heat release is one other parameter of interest where it estimates the amount 
of volatiles released during combustion process. As discussed earlier, during combustion 
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process, polymer either converts in to volatile compounds, to further feed the flame, or it 
turns into an insulating layer of char, to stop the combustion process. The char yield can 
serve as an indirect indication of flame retardancy. Thick car becomes a better thermal 
insulating layer, which undergoes slow oxidative degradation, isolates the released 
volatiles to reach the fire along with preventing heat reaching the unburnt layer of the 
polymer. Thus, in general, materials which tend to form char doesn’t release volatile 
(combustible matter) which will have reduced total heat released. Thus, it is important to 
establish a relationship between char yield and THR. Figure 4.17b displays the THR 
plotted against char yield which indicates an inverse relationship. the magnitude of R2 (= 
0.85) determines a strong relationship between THR and char yield.  Networks which 
yielded high char such as naphthalene and bisnaphthalene had lowest THR, while 
networks with lowest char forming capability such as DGEBF and DGEBA based 
monomers (DGEBA, Alicyclic DGEBA and Long chain DGEBA) resulted in high THR. 
While investigating the reasons for char formation, we found the concentration of 
structural units which contribute to the formation of char played an important role in char 
yield which affected the THR of the networks. An increase in charring induces a decrease 
in the amount and rate of combustible volatile release, resulting in lower flammability 
which is evidenced by lower THR.   
As seen in Figure 4.17a, networks with high aromatic content yielded high char. 
The magnitude of R2 (= 0.42) indicated a moderate dependence since other atoms 
including electronegative nitrogen, dense naphthalene also accounts for char formation 
which can’t be neglected. The aromatic content is not only calculated based on the epoxy 
monomer but also the curing agent, 4,4’-DDS. Naphthalene based compounds yielded 
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highest char while the networks composed of alicyclic DGEBA possess lowest char. Our 
finding indicates that the amount of char formation follows the below order: 
Naphthalene >  aromatic  > alicyclic ~ aliphatic 
For the sake of comparison between naphthalene and aromatic compounds, one 
naphthalene unit is assumed to one aromatic ring structure in our calculations. With 
increasing aromatic content, the amount of char yield increases linearly. It is to be noted 
that the networks even with alicyclic rings (Cycloaliphatic DGEBA) had some aromatic 
content in the network which essentially arose from the curing agent, 4,4’-DDS.   
 192 
0 10 20 30
0.00
0.19
0.38
0.57
57
76
95
114
0 10 20 30
(b)
 
A
ro
m
a
ti
c
 c
o
n
te
n
t 
(w
t%
)
Char yeild (%)
EPN 1138
TGDDM
Naphthalene TPMTGE
TGPAP
BisNaphthalene
Tactix556
Alicyclic DGEBA
DGEBF
DGEBA
DGA
longchain DGEBA
(a)
 
 
T
H
R
 (
M
J
/m
2
)
 
Figure 4.17 Plot signifying the relationship between THR, aromatic Content and Char 
yield. Char yield is linearly dependent on aromatic content (Plot 9a on bottom) and 
inversely proportional to THR (Plot 9b on top) 
 
As mentioned earlier, the degradation depends on several factors including the 
rate of exposed heat, atmosphere of burn etc. The char formed remains more or less 
unchanged in nitrogen atmosphere, while the presence of an oxidant medium facilitates 
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its oxidation at high temperatures (in air), leading in most cases to a very small char 
yield.  In our study, there is a fair relationship in char formation between TGA (nitrogen 
atmosphere) and cone (room atmosphere) though there is some level of discrepancy 
(DEGF and DGA based networks). We hypothesize that the agreement arises from the 
absence of flame retardant material, such as phosphorous or metal hydroxides, which 
exclusively promote char formation. The formed char is based on the amount of organics 
present in the networks. It will be a meaning full comparison if the TGA char yield was 
recorded in air atmosphere and was compared with cone char yield, which is being 
carried out. 
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Figure 4.18 Display of char yield % from two different experiments: TGA on X-axis and 
Cone calorimeter on Y-axis 
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4.5 Molar group contribution method to determine polymer flammability 
Predicting the polymer property theoretically is of great interest because it helps 
developing polymers with desired flame retardancy with certain advantages not limited to 
the quick assessment and inexpensiveness. In this work, we aim to validate if the flame 
property of a crosslinked epoxy network estimated via group contribution method is in 
agreement with the experimental values determined via cone calorimeter. Heat release 
rate (HRR), heat release capacity (ɳc) and total heat release (THR) are three parameters 
which reflect the combustion properties of a material.  Van Krevelen proposed an 
additive group contribution method based on the polymer repeat units to determine 
several properties of polymers.208  Lyon etal., estimated the thermal combustion 
properties of several polymers of known chemical composition using group contribution 
method.192 
4.5.1 Prediction of heat release capacity (HRC): 
Specific heat release capacity is defined as the amount of energy required to raise 
the temperature of one-gram sample by one degree kelvin. HRC combines the thermal 
stability with the combustion properties, thus can be a good predictor of fire properties of 
polymeric networks. Experimental HRC can be obtained by dividing the experimentally 
determined HRR by the rate of temperature rise during combustion process. 
Theoretically, since HRC is a material’s property that depends on the chemical structure 
of the polymer, it can be calculated from the additive molar group contribution method. 
In the group contribution method established by Lyon and co-workers to calculate HRC 
is based on two criteria: 208–212 
a) Polymers which thermally decompose in a single step 
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b) Materials where there are no interactions or reactions between the chemical 
structural units, and 
c) The contribution from groups were determined using thermoplastics. 
The calculated heat capacity of polymers in their studies were in agreement with 
experimental values within ± 15 % obtained via microscale combustion calorimetry. 208 
In a group contribution method, the intrinsic property of a polymer is calculated from its 
chemical groups assuming that groups i and j contribute an amount Pij to a property P by 
summing according to the mole fraction of each groups.  
The heat release on mass basis in J/g-K, can be obtained using the equation below. 
𝜂𝑐𝑇 =
𝜓
𝑀
=
∑ 𝑛𝑖𝛹𝑖𝑖
∑ 𝑛𝑖𝑀𝑖𝑙
 
where, 𝜂𝑐𝑇 – Heat release capacity theoretical   
              𝜓 – molar fraction of the repeat unit 
               𝑀 – molar mass of the repeat unit 
The experimental HRC in our work is calculated by diving Heat release rate 
(HRR) by the rate of temperature rise as mentioned earlier. Since in cone calorimeter, the 
samples are exposed at a constant heat flux through out the combustion period, the rate 
was determined assuming the heat-flux over the entire combustion period.  
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Figure 4.19 Experimental HRC determined via cone calorimeter plotted as a function of 
calculated HRC. Magnitude of R2= 0.54 indicating a moderate decency of the 
experimental HRC and the theoretical HRC   
 
As seen in Figure 4.19, the magnitude of R2(= 0.54) indicates a moderate 
dependency between the experimentally determined HRC via cone calorimeter and 
theoretically calculated HRC. The absence of strong dependency can be rationalized via 
two hypothesis: 
1. Calculation of HRC of network is based on the HRC of repeat units which was 
experimentally determined via microscale combustion calorimeter (MCC) 
2. Lyon’s method did not account of the interactions which may take place within 
functional groups. As the temperature of sample was increased, as evidenced in 
the effect of curing temperature studies detailed before there could be some 
degree of condensation reaction happening prior to degradation to happen. 
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3. The networks studied in this work tend to form char which was not accounted in 
their work. 
 
4.5.2 Prediction of total heat release (THR): 
Sonnier etal proposed an improved model to calculate the total heat release (THR) 
of polymers using Van Krevelen’s additive group contribution method using a total of 31 
groups and validated 107 polymers.211  
This model essentially contained three rules: First, the contribution araising form 
a carbon atom depends on the covalent bonds associated with it. For instance, Carbon 
atom bonded with C, H, O/OH, N, F and Cl atoms posses different contribution. 
Secondly, contribution from aromatic groups, including pyridine and naphthalene atoms, 
depends on the atom to which it is associated with. Third is the placement of these 
aromatic groups if it is in backbone or as a pendent molecule. Essentially, once the 
individual group’s contribution to total heat release (THR) is determined, the fire 
property of the polymer can be estimated through the following equation. 
𝑇𝐻𝑅 = ∑ 𝑤𝑖
𝑖
× 𝑇𝐻𝑅𝑖 
where, 𝑤𝑖 – weight fraction of the group 𝑖  
              𝑇𝐻𝑅𝑖 – THR contribution of the group 𝑖  
 
In this method, the THR of a the group is determined via experimentally exposing 
thermoplastic polymers in pyrolysis combustion flow calorimeter (PCFC) under standard 
conditions from 25 to 750°C at 1°C/s in nitrogen atmosphere.211In their work, thermoset 
polymers were studied in combination with flame retardant agents such as phosphorous 
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compounds to look in the effect of phosphate, causing a lack of information on the true 
thermoset effect.   
Figure 4.20 illustrates the correlation between the measured THR via cone 
calorimeter and predicted THR via group contribution method. The values along with the 
error between the experimental and predicted THR is listed in Table 4.7. As seen the 
measured THR for all the samples are higher than the calculated values. These might 
deviate from the predicted values due to the following reasons. 
1. The estimated value of THR which is derived from the THR contributions of 
several individual groups in the polymer is estimated via PCFC technique. As 
mentioned in chapter 3, the obsolete values of flame property of a material might 
vary depending the measurement technique used. It is to be noted that, in this 
study we were able to compare the experimental results while changing the 
chemical structure since all the networks were exposed to single technique under 
similar conditions.    
2. The model systems used to determine the THR contributions of groups didn’t 
consider the char formation capabilities. All the polymers were forced to complete 
combustion in excess of oxygen at 900°C to decompose the formed char. Also, 
the data accuracy for char inducing polymers is low due to the inadequate number 
of evaluated polymers in their study.211 
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Table 4.7 Experimentally determined and theoretically calculated fire properties of 
networks in this study 
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Figure 4.20 Plot of measured THR (Cone calorimeter) as a function of calculated THR 
via group contribution method. Shown in red is the imaginary line if the measured THR 
and calculated THR is in agreement. Magnitude of R2 = 0.83 indicates good agreement. 
 
 
  
Network Identity 
Heat Release capacity ηc (J/g-K) Total heat release (THR)   
  Experimental Theoretical Experimental Theoretical   
  
Cycloaliphatic 
DGEBA 
656 
6297 
19.40 10.9 
  
 DGA 285 4094 26.0 16.0  
 TPMTGE 299 3392 24.8 17.8  
 Naphthalene 305 3234 17.3 12.1  
 TGPAP 275 2966 29.4 25.8  
 Bisnaphthalene 236 2276 27.4 21.2  
 TGDDM 268 4521 15.5 11.2  
 DGEBF 351 4817 19.2 10.5  
 EPN 1138 367 4494 21.4 10.9  
 DGEBA 453 5517 17.2 10.5  
 Tactix 556 337 6769 15.1 11.8  
  Longchain DGEBA 701 6895 21.5 12.1   
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4.6 Isomeric effect. 
The effect of structural isomers on fire properties was studied using structurally 
similar isomeric amine compounds. Epoxy resins used in this session include structurally 
similar DGEBF and DGEBA along with TGDDM to its wide usage in composites. The 
chemical structure is shown in Figure 4.21 and the network identification is indicated in 
Table 4.8. 
 
 
Figure 4.21 Chemical structures of epoxy and amine monomers used in analyzing the 
isomeric effect on flame retardant properties. 
Table 4.8 Naming scheme used in this work to represent the networks formed using 
isomers 
Epoxy Amine  
Monomer  functionality Monomer functionality Network name 
DGEBA 2 4,4’-DDS 2 44DGEBA 
DGEBF 2 4,4’-DDS 2 44DGEBF 
TGDDM 4 4,4’-DDS 2 44TGDDM 
      
DGEBA 2 3,3’-DDS 2 33DGEBA 
DGEBF 2 3,3’-DDS 2 33DGEBF 
TGDDM 4 3,3’-DDS 2 33TGDDM 
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To rationalize the data, the results are shown in groups: the first group consists of 
4,4’-DDS as curing agent while the second group is cured with 3,3’-DDS. In each group, 
three epoxy monomers, DGEBA, DGEBF and TGDDM are used. The naming scheme 
used to compare the effect of isomers is shown in Table 4.9. The networks are named 
with numbers in the prefix indicating the type of amine groups followed by the type of 
epoxy resin used in the suffix. For the ease of understanding and comparison, the 
indicated names will be used in the remainder of this session. 
Figure 4.22 Chemical structures of epoxy and amine monomers used in analyzing the 
isomeric effect on flame retardant properties. 
 
The thermal gravimetric results showed in Figure 4.22 indicated the networks 
containing  3,3’-DDS degraded faster as compared to similar networks cured with 4,4’-
DDS. The onset temperature (Tonset), temperature at 10% and 50% degradation (T10% & 
T50% respectively), % char yield and temperature of maximum degradation is listed in 
Table 4.6.  
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Table 4.9 TGA results listed for isomer networks 
Material Tonset(°C) T10% (°C) T50% (°C) 
Char 
Yield(wt%) 
 
DTmax(°C) 
44DGEBA 413.22 414.75 438.67 14.15 436.16 
44DGEBF 401.19 404.89 436.82 22.27 433.32 
44TGDDM 386.74 388.22 427.49 23.89 412.31 
33DGEBA 387.85 390.15 412.74 13.29 408.57 
33DGEBF 382.75 381.91 412.50 19.65 407.42 
33TGDDM 351.82 352.25 403.67 25.09 389.25 
Tonset – Onset temperature; T10% - Temperature at 10% degradation; T50% - Temperature at 
50% degradation; DTmax – Maxima of mass loss rate 
 
As seen in Table 4.9, Tonset of 4,4’-DDS containing networks (for all three epoxy 
monomers) is higher than the isomeric 3,3’-DDS amine curing agent. It has been reported 
in literature that the difference in configurational entropy between 3,3’-DDS and 4,4’-
DDS causing the difference in physical properties including the glass transition 
temperature, density and free-volume which essentially dictates other thermal and 
mechanical properties. 213 This is in agreement with the results obtained in our study 
which will be explained in the respective sessions.  
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Figure 4.23 Derivative weight loss plotted as a function of temperature 
 
Figure 4.22 indicates the weight loss mechanism for all the networks happens 
through single degradation step. It is clear that the curve for both 4,4’-DDS and 3,3’-DDS 
look identical except that the maxima of mass loss rate happens at low temperature for 
3,3’-DDS containing systems which is consistent for all three epoxy monomers. This can 
be explained through the absence of “ring-flip” events along the axis of symmetry, as a 
way of energy dissipation, associated with the networks containing 3,3’-DDS curing 
systems. The orthogonal substitution in 4,4’-DDS can undergo ring flip along the 1,4 
phenyl position (as shown in Figure 4.24) along the axis of symmetry. This acts as a 
method of energy dissipation., ie., when 4,4’-DDS networks are subjected to an external 
energy such as thermal energy, certain amount of energy is dissipated which is associated 
with the ring-flipping, causing more energy requirements to break the bonds. Unlikely, 
the meta substitution in 3,3’-DDS doesn’t posses an axis of symmetry. Thus when one of 
the bonds in 3,3-DDS flips(Figure 4.24b), torsional strain is induced in the network 
which is compensated through the cooperative motions of the polymer backbone., This 
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makes it impossible to undergo ring-flip, which was a mechanism of energy dissipation in 
4,4’-DDS. Due to the absence of energy dissipation mechanism the bonds degrade at 
much lower temperature as compared to 4,4’-DDS.  
 
Figure 4.24 (a) para substituted 4,4'-DDS monomer showing the possible ring-flip 
mechanism along the axis of symmetry and (b) meta substituted 3,3'-DDS monomers in 
the network which can't undergo ring flip due to meta substituted positions 
 
As seen in DSC thermograms in Figure 4.25, the networks cured with 3,3’-DDS 
posses lower Tg as compared to 4,4’-DDS network counter parts. The results of tan delta 
peak obtained from dynamic mechanical analysis (DMA) is also in agreement. The glass 
transition from both technique, DSC and DMA along with the free-volume is listed in 
Table 4.10 below.  
The reason for the networks consisting 3,3’-DDS to have lower Tg as compared 
to 4,4’-DDS can be explained through the difference in configurational entropy 
associated with the difference in meta and para substitution of the amine groups in the 
monomers. 3,3’-DDS monomer posses more configurations above the glass transition, 
due to meta substitutions, as compared to para substituted 4,4’-DDS. Due to higher 
configurations in rubbery state, larger amount of energy (cooling) is required to freeze or 
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eliminate the configurational entropy leading to lower glass transition temperatures for 
meta substituted 3,3’-DDS.214                                                                              
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Figure 4.25 DSC thermograms of networks cured with isomers 3,3'-DDS & 4,4'-DDS 
 
As seen in the table 4.10, there is a significant difference in glass transition 
temperature values obtained via two techniques, DSC and DMA for the same network. 
The reasons for the difference in Tg are beyond the scope of this work, however, this 
difference is in agreement with the reports available in literature due to the difference in 
method of determination.215,216  
However, irrespective of the technique used, 4,4’-DDS based systems posses 
higher Tg as compared to 3,3’-DDS for the reasons mentioned before. Densities of these 
networks were also measured using Archimedes principle as explained in the 
experimental session. The densities of networks crosslinked with 3,3’-DDS is higher 
indicating the closely packed chains arising from higher configurational entropy 
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associated. The chains with more conformations can pack better which increases the 
density of the networks.214  
Table 4.10 Physical characteristics of networks crosslinked with isomers 3,3'-DDS and 
4,4'-DDS 
  
Network  
Tg (°C) Density 
(g/cc) 
Free-
Volume 
(Å) 
  
  DSC DMA   
  33DGEBA 130 174 1.273 77   
  44DGEBA 166 213 1.248 82   
  33DGEBF 136 140 1.293 67   
  44DGEBF 177 150 1.268 76   
  33TGDDM 216 233 1.320 52   
  44TGDDM 244 255 1.279 59   
 
The explanation for 3,3’DDS possessing higher density (chain packing) also 
explains the decreased free-volume in these types of network. The free-volume was 
analyzed using positron annihilation lifetime spectroscopy (PALS) and indicated in Table 
4.10.  Networks cured with 3,3’-DDS possessed lower amount of free-volume arising 
from the higher conformational entropy leading to better chain packing. 
 
Figure 4.26 DMA curves showing storage modulus plotted as a function of temperature 
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The storage modulus for (a) TGDDM, (b) DGEBF and (c) DGEBA plotted vs 
temperature is shown in Figure 4.26. The curve indicates that the networks crosslinked 
with 3,3’-DDS has higher storage modulus before the glass transition temperature. 
Beyond the glass transition temperature, the rubbery plateau of these networks (3,3’-DDS 
containing networks) are lower as compared to networks crosslinked with 4,4’-DDS. This 
can be explained with the context of chain packing associated with the molecular 
mobility of meta substituted 3,3’-DDS. Due to the more conformational entropy 
associated with the meta substituted 3,3’-DDS, the molecular chains pack creating more 
toughness to the networks thus increasing the storage modulus. For the same reasons, due 
to higher conformations associated beyond glass transition temperature, the rubbery 
modulus of 3,3’-DDS networks is higher.  
 
Figure 4.27 DMA curves showing the dynamic loss tangent plotted as a function of 
temperature 
 
Figure 4.27 shows the dynamic loss tangent (tan δ) of (a) TGDDM, (b) DGEBF 
and (c) DGEBA based networks cured with 3,3’-DDS and 4,4’-DDS networks. The 
molecular motions in the networks are shown by the distinct peak maxima (tan δ), which 
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is higher for networks crosslinked with 4,4’-DDS monomers. This is in agreement with 
the results obtained through DSC (Figure 24). 
Figure 4.28 displays the rate of heat of release of TGDDM, DGEBA and DGEBF 
based networks cured with 4,4’-DDS exposed to a cone calorimeter at a heat flux of 
50Kw/m2. It is very evident that the networks crosslinked with 3,3’-DDS had slower time 
to ignition, lower peak heat release and a delayed peak heat release. These factors are 
inter related which can be explained via the better chain packing of 3,3’-DDS containing 
networks arising from the high configurational entropy associated with the meta 
substitution explained earlier. Several parameters obtained from cone calorimeter for 
networks crosslinked with isomeric networks is listed in Table 4.10.  
 
Figure 4.28 DSC thermograms of networks cured with isomers 3,3'-DDS & 4,4'-DDS 
 
As seen in Table 4.11, the time to ignition (tig) is higher of all three types of epoxy 
containing networks crosslinked with 3,3’-DDS which is due to intact networks caused 
by the meta substitution as compared to para substituted 4,4’-DDS containing systems. 
Although the difference is minuscule, the difference is consistent with all three type of 
epoxy systems. It might be an uncertainty in experimental error which needs further 
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investigation. 3,3’-DDS containing networks has lower peak heat release (PHRR) and a 
delayed time to PHRR.  
Table 4.11 Cone calorimeter results of networks crosslinked with 3,3'-DDS and 4,4'-
DDS isomeric amine 
Network 
tig PHRR tPHRR THR AMLR 
Char 
yield 
sec kW/m2 sec MJ/m2 g/m2s % 
33DGEBA 50.5 1138.2 114.3 88.4 25.9 7.9 
44DGEBA 45.0 1622.3 79.0 95.6 49.7 5.4 
33DGEBF 52.5 1163.5 88.8 80.4 22.6 9.6 
44DGEBF 48.0 1409.2 79.8 85.2 43.5 9.7 
33TGDDM 45.0 1033.3 83.0 72.4 11.4 15.6 
44TGDDM 40.0 1008.5 63.5 78.5 37.4 17.9 
tig – time to ignition; PHRR – peak heat release rate; tPHRR – time to PHRR; THR – total heat release; AMLR- average 
mass loss rate; 
 
Surprisingly, the 3,3’-DDS cured systems yielded slightly higher char which is in 
contradictory with the results obtained through TGA (4,4’-DDS has higher char yield in 
TGA). The atmosphere of combustion process between these two experiments is different 
(nitrogen in TGA and atmosphere in cone calorimeter) which might influence the char 
forming tendency. But this needs further investigation. The other important observation is 
the average mass loss rate (AMLR) which is approximately 50% slower for 3,3’-DDS 
containing networks. This can be rationalized due to its char forming capability and the 
intact molecular chains which reduces the mass loss rate. The total heat released is 
different even though both the networks contains similar chemical groups mainly because 
the 3,3’-DDS networks tend to form higher char as compared to 4,4’-DDS containing 
systems.    
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In summary of isomeric studies, networks crosslinked with isomers possess 
different physical characteristics despite of having identical chemical moieties. This has 
been explained through the placement of amine groups in the monomer, either as meta 
substitution or para substitution for 3,3’-DDS and 4,4-DDS respectively, affecting the 
network architecture. 3,3’-DDS has lower Tg, lower free-volume, higher density and 
higher modulus compared to 4,4’-DDS containing systems. The fire property of two 
similar networks were different due to the difference in network architectures.    
4.7 Conclusion  
In summary, the intrinsic relationships between polymer structure, composition 
and fire behavior has been explored using epoxy-amine as model networks. The effect of 
curing schedule on activation energy and flame retardancy was modelled through 
TGDDM-4,4’-DDS based networks. The activation energy was calculated using Flynn 
and wall method using TGA technique. Thermal stability against ignition, heat release 
rate, total heat release rate and char yield were identified to be the most important 
parameters determining polymer flammability. Glass transition temperature, network 
composition of the networks were related to the polymer fire characteristics. For the first 
time, group contribution method was used to predict the flammability of polymers. This 
work demonstrated and validated the use of group contribution method in predicting the 
heat release and heat capacity of crosslinked networks.  
Through this work, we determined the difference in activation energy and fire-
resistant properties of similar networks cured at different temperatures. Higher the curing 
temperature, the network lead to higher activation energy and better fire resistant 
polymers.  Our findings also indicate the presence of naphthalene, aromatic and hetero 
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atoms such as N, O are the basic structural units for fire retardant polymers. Average heat 
release rate showed no dependence on glass transition temperature of the networks. The 
heat release rate was dependent on the amount of presence of char forming chemical 
moieties within the network and the char yield increased with the increasing aromatic 
content. Thermal stability, free-volume, glass transition and fire properties of isomers, 
3,3- DDS and 4,4’-DDS were compared by curing with DGEBA, DEBF and TGDDM 
epoxy monomers. The results revealed that the para substituted 4,4’-DDS exhibits ring-
flip mechanism along the axis of symmetry with less configurational entropy leading to 
higher glass transition temperature compared to 3,3’-DDS systems. Whereas, the meta 
substituted 3,3’-DDS possessed more configurational entropy which decreased the free 
volume, and most importantly improved the fire retardant properties as compared to 4,4’-
DDS containing systems. This demonstrated the influence of network architecture on 
flame retardant properties of networks with similar chemical compositions.      
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CHAPTER V – DEVELOPMENT OF NOVEL GRAPHENE OXIDE GRAFTED 
SILOXANE AND PHOSPHORUS CONTAINING ADDITIVES AS FLAME 
RETARDANTS FOR EPOXY-AMINE NETWORKS. 
Abstract 
Flame retardant (FR) properties of epoxy amine (EP) composites prepared by 
addition FR  additive (modified graphene oxide (GO) with traditional FR materials) has 
been evaluated using cone calorimeter. A novel phosphorus/silicon (DOPO-V) and 
polysiloxane (PMDA) have been synthesized and covalently grafted onto the surface of 
graphene oxide (GO).   The graphene-grafted phosphorus/silicon-containing flame 
retardant (GO-DOPO-V) and polysiloxane containing flame retardant (GO-PMDA) was 
obtained via one-step reduction of graphene oxide (GO). The FTIR, XPS, AFM and TGA 
measurements were used to confirm the structure and morphology of these GO grafted 
FR additives. DMA test indicated that the grafting of DOPO-V and PMDA improved the 
dispersion and solubility of GO sheets in the epoxy resin (EP) matrix. Furthermore, TGA 
and SEM measurement showed that GO-DOPO-V and GO-PMDA significantly 
enhanced the thermal stability and residual char strength of EP. Composites were 
prepared and analyzed by adding unmodified GO, DOPO-V and PMDA to the EP matrix 
in addition to the GO grafted FR additives, GO-DOPO-V and GO-PMDA. The effect of 
addition of unmodified GO, DOPO-V and PMDA were examined through cone 
calorimeter and compared with the GO grafted FR additives. It is very evident that 
grafting of inorganic moieties on GO improved the FR properties compared to 
unmodified counterparts. Incorporation of 2 wt% of GO-DOPO-V improved the FR 
properties of neat EP which had a decrease of 28.8% in peak heat release rate (PHR) and 
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15.6% in total heat release (THR). with the addition of 2wt% GO-PMDA we observed a 
decrease in PHR by 30.5 % and THR by 10.0% as compared to the neat EP. The 
morphology of the char obtained from the cone calorimeter was examined through 
scanning electron microscope. The char morphology of the composites containing GO 
grafted FR additives had a non-porous honey come structure, whereas the neat EP had a 
porous form of char morphology. From this it is evident that the grafting improved the 
non-porous char formation. The non-porous char improves the reduction in PHR and 
THR. This is attributed to the barrier effect of GO and phosphorus/silicon layer formation 
by DOPO-V. In case of GO-PMDA, polysilicone can create a stable silica layer on the 
char surface of EP, which reinforces the barrier effect of graphene. Thus a synergistic 
effect of GO and the grafted FR material improved the FR properties of epoxy-amine 
matrix. 
5.1 Background  
Epoxy polymers are the most widely used in coatings, adhesives, composites and 
laminate materials, owing to its excellent properties such as high mechanical strength, 
outstanding chemical and heat resistance.217–220 The versatile choice of available 
crosslinkers, as shown in scheme 5.1, makes epoxy networks to customize to a specific 
end application.221 However, Epoxy networks, like all organic polymeric materials, are 
high flammable which is an unavoidable disadvantage.222 In the previous chapter, we 
examined the effect of epoxy structure to its fire-resistant behavior. Nevertheless, 
satisfactory fire-resistant epoxy thermosets cannot be achieved only by tuning its 
chemical structure. The inclusion of flame-resistant molecules in the epoxy structure 
becomes essential to improve their resistance to fire.     
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Scheme 5.1 Epoxy curing reaction. Epoxide ring opens with any active proton 
donating monomers 
 
Flame retardant(FR) materials are molecules which aid to reduce the ease of 
ignition or slow down the spread of the flame after ignition starts. The main aim of a fire 
retardant material is not to form a non-combustible material, but to reduce the risks 
associated with the ignition and to provide sufficient escape time by suppressing the 
smoke and heat released.223,224  
Fire retardants can be classified in several ways: based on the mode of fire 
retardant action (condensed phase and gas phase mechanism) or based on the type of 
materials used (Halogenated and halogen-free). For the purpose of this chapter, we 
consider the classification based on the materials used. 225 
Halogenated FR are well known to inhibit fire in the gas phase. Halogenated FR 
degrades to form volatiles to release halogen radicals. These radicals abstract hydrogen 
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atoms from polymers to form hydrogen halides. These hydrogen halides act as flame 
inhibitor as they quench the radicals that cause chain branching propagation. Two mode 
of actions are known to happen: in the gas phase, as hydrogen halides dilute the 
combustible gas to reduce the temperature of flame. Secondly, in the condensed phase 
after abstracting the hydrogen which leads to unsaturated polymers what are known to be 
the precursors of char formation.226 However, halogenated FR impose health risks and 
environmental hazard during combustion. The toxic smoke released is the primary cause 
of death while inhaled. Acid rain is formed when halogen hydride is released to the 
atmosphere and it can also bio-accumulated in soil and animals.72,225,227–229 Owing to the 
overall risks associated with the use of halogenated FRs, halogen-free FR are being 
focused. 
Several halogen-free FR can be classified broadly as follows. 
i. Inorganic and Nano: metal hydroxides, clay, boron based, layered double 
hydroxides, silicon-based materials 
ii. Nitrogen containing: Ammonium polyphosphate, melamine-based materials  
iii. Phosphorous containing: reactive and non-reactive FR 
 A comprehensive literature review on both halogen and halogen-free flame-
retardant material and its mechanism is explained in chapter 6.          
Phosphorous and siloxane-based compounds have gained recent interest among 
the halogen-free FRs due to the eco-friendly burning as compared to halogenated FRs. 
Based on the incorporation method, phosphorous and siloxane-based FR can be classified 
either by reactive FR (chemical bonding) and non-reactive FR (physical mixing).230–232  
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Among phosphorus-containing compounds, 9,10-dihydro-9-oxa-10-
phosphaphenanthrene-10-oxide (DOPO) are one of the most promising halogen-free 
flame retardants, having high thermal stability, good oxidation and water resistance.233–235 
In recent years, a novel liquid compound (DOPO-V) containing DOPO and silicon was 
synthesized by allowing DOPO to react with vinyltrimethoxysilane (VTMS), and 
exhibited good compatibility with the epoxy matrix. However, a relatively high loading 
(10 wt%) was usually needed to achieve good flame-retardant effect.228,236–238 
Silicon based compounds such as silicates, organ silicates and silsesquioxanes are 
considered as FR candidate owing to it high thermal stability and low toxicity or 
corrosive elements released during combustion. Siloxane materials acts in condense 
phase mechanism through char formation.182    
Physical mixing of FR materials to the epoxy matrix has been considered due to 
its ease of mixing to a wide variety of polymer matrix. However, there are many 
disadvantages of non-reactive FRs not limited to the incompatibility, thermal stability at 
processing temperatures, leaching out of the matrix and high moisture uptake abilities 
which can lead to degradation of mechanical and electrical properties because of micro 
(or macro) phase separation.   Chemical bonding within epoxy thermoset is achieved 
either by synthesizing FR monomers with either curative or epoxy reactive functional 
groups. The key issue is to uniformly disperse the FR materials in the matrix. Even 
though chemical bonding strategy is used as one of several strategies to achieve uniform 
dispersion, use of solubilizing compounds in order to improve the compatibility between 
the matrix and FR has also been used widely.234  
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Graphene, the two-dimensional sp2-hybridized carbon is unique two-dimensional 
carbon-based material, has attracted a tremendous amount of attention in various 
application fields and has been widely studied as flame retardants.239–244 Until recently, 
most studies of graphene-based nanocomposites focused on the incorporation of 
graphene, modified graphene, or graphene oxide (GO) into polymer matrixes. Because of 
their layered structures, graphene and GO can act as barriers reducing the heat released 
and insulating against the transfer of combustion gases into the inflammable polymer 
matrix.239,244–247 However, due to the high surface area and strong Vander Waals force, 
the re-aggregating phenomenon is inclined to appear between graphene sheets, which 
limit its’ use in polymer matrix.240,248 The problem is usually solved by covalent 
functionalization. After oxidation, rich oxygen-containing groups (e.g., hydroxyl, 
epoxide, carboxyl and carbonyl groups, etc.) are brought to the surface of graphene 
sheets. Through further chemically functionalizing the GO, grafting the organic 
molecules on GO was widely adopted in improving the dispersion and thermal stability 
of GO.240,241,247–254 POSS, phosphorus-containing molecule and intumescent flame 
retardant have been designed and covalently grafted onto the surface of graphene sheets 
to obtained a novel flame retardant.232,250,251,255,256  
In this work, hydrophobic GO was synthesized by modifying hydrophilic GO 
with FR elements to improve the solubility thus improving the dispersion. This work is 
divided in two folds: a novel siloxane-based copolymer (PMDA) was synthesized via 
condensation polymerization which was grafted to GO. Secondly, a novel graphene-
based phosphorus/silicon-containing flame retardant (GO-DOPO-V) was synthesized via 
one-step reduction of GO with DOPO-V. Both synthesized GO based nanomaterials were 
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added to epoxy amine thermosets to examine its FR properties along with mechanical 
properties. The structure and morphology were characterized and proved by the FTIR, 
XPS, AFM and TGA measurements. The GO modified nanocomposites along with 
individual components (GO, PMDA and DOPO-V) were compared for it fire retardant 
properties examining through cone calorimeter.  
The novel flame retardant combined flame-retardant elements phosphorus and 
silicone together, with which the EP incorporated not only remarkably enhanced the 
amount of residual char but also obtained high flame retardancy at low loading of GO-
DOPO-V. Graphene oxide aided in enhancement of uniform char formation with less 
porosity and hence it is necessary to functionalize the graphene with FR to improve the 
dispersion and enhance flame retardant efficiency. 
5.2 Experimental  
5.2.1 Materials  
Graphite powders (spectrum pure), concentrated sulphuric acid (98%), phosphoric 
acid (85%), potassium permanganate, hydrogen peroxide (30%), tetramethylammonium 
hydroxide (TMAOH), methyltrimethoxysilane (MTMS), (3-
aminopropyl)trimethoxysilane (APT), N,N'-dicyclohexylcarbodiimide (DCC), 2,2′-
azobisisobutyronitrile (AIBN), and tetrahydrofuran (THF) were all purchased from Alfa 
Aesar Chemical Reagent Co. Ltd. Phenyltrimethoxysilane (PTMS) and 
dimethyldimethoxysilane (DMDS) were reagent grade and purchased from Gelest 
Chemical Reagent Co. Ltd. 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide 
(DOPO) was purchased from TCI Development Co., Ltd. Vinyltrimethoxysilane (VTMS) 
and benzene were reagent grade and purchased from Sigma-Aldrich. Ethyl alcohol was 
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supplied by Decon. Chloroform (CHCl3) and hydrochloric acid was supplied by Fisher 
Scientific Chemical Co. EPON 826 with an epoxy equivalent weight of 178-186 grams 
was supplied by Hexion. The hardener, Jeffamine D230, with an amine equivalent weight 
of 60 grams, was supplied by Huntsman Corporation. All raw materials were used as 
received. The chemical structures of various monomers used in this study are shown in 
Figure 5.1.  
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Figure 5.1 Chemical structures of monomers used in this work 
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5.2.2 Synthesis of graphene oxide  
The graphene oxide was synthesized from graphite via Hummer’s method as 
detailed below. One equivalent of graphite (3.0 gm) was mixed with 6 equivalents of 
potassium permanganate (18.0 gm) at room temperature. Concentrated sulfuric acid (360 
mL) and phosphoric acid (40 mL) was mixed at a ratio of 9:1 separately and added 
dropwise to the above mixture under stirring. The temperature of the reaction kettle was 
maintained by keeping it in a water batch since addition of concentrated acid produced 
exotherm. The reaction mixture was then heated to 50°C and stirred for 12 hours. The 
reaction was then cooled to room temperature and poured onto  a cooling mixture of ice 
(400 mL) with 30% H2O2 (3 mL). For workup, the mixture was sifted through a metal 
U.S. standard testing sieve (300 um) and then filtered through polyester fiber. The filtrate 
was centrifuged and the supernatant was decanted away. The remaining solid material 
was then washed twice in succession with 200 mL of water, 200 mL of 30% HCl, and 
200 mL of ethanol. For each wash, the mixture was sifted through the U.S. standard 
testing sieve and then filtered through polyester fiber with the filtrate being centrifuged 
and the supernatant was decanted each time. The washed material was then vacuum-dried 
overnight at room temperature to remove any residual unreacted components. The 
reaction is shown in Scheme 5.2. 
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Scheme 5.2 Synthesis of graphene oxide from graphite via Hummer's method 
5.2.3 Synthesis of Polysiloxane (PDMA): 
Reactive polysiloxane monomer (PDMA) was synthesized via hydrolysis and 
condensation technique. Distilled water (25 ml) and ethyl alcohol (75 ml) were added to a 
round bottom flask equipped with a reflux condenser. 1 ml Tetramethylammonium 
hydroxide was added to the above mixture under stirring and maintained at a temperature 
of 70°C. Monomers, PTMS, MTMS, DMDS and APT were mixed at a mol ratio of 0.69 : 
0.06 : 0.20 : 0.05 respectively and was added to the above solution dropwise. The total 
concentration of the monomers in the batch was targeted to approximately 10 wt%. The 
mixture was mixed for about 8 hours at 70°C and allowed to stand still overnight at room 
temperature. The resultant precipitated condensate was collected by decantation of the 
clear supernatant. This condensate was washed and dried in a vacuum filter using a 
mixture of distilled water-ethanol (1/3 v/v) followed by washing with ethanol. The 
resultant powder (PDMS) was dried in vacuum oven at 100°C for minimum 20 hours. 
The synthesized PDMS consisted of 60 mol% phenylsiloxane, 35 mol% methylsiloxane 
and 5 mol% aminosiloxane units. The extent of branches in polysiloxane was adjusted 
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through tuning the ratio of organic groups to silicon atoms (R/Si)and in our study, this 
was maintained to 1.2. The synthesis of reactive polysiloxane is shown Scheme 5.3. 
 
Scheme 5.3 Synthesis of reactive polysiloxane Oligomer. Color code is used to 
differentiate the synthesized oligomer in the rest of this work. 
5.2.4 Synthesis of polysiloxane (GO-PDMA) functionalized graphene oxide  
Graphene oxide (GO) was synthesized from graphite using a modified Hummer’s 
method described elsewhere.257 The as-prepared GO (0.2 gm)was suspended in excess 
THF (200 ml) under ultra-sonification for 90 min. The synthesized PDMA (0.8 gm) was 
subsequently added to the above mixture in presence of N,N'-dicyclohexylcarbodiimide 
(0.1 gm) as catalyst and was subjected to ultra-sonication for 30 more min. The mixture 
was stirred and was heated to 65°C and refluxed for 20 hours under nitrogen atmosphere. 
The mixture was then subjected to centrifuge and thoroughly washed with anhydrous 
THF to remove the unreacted PMDA. The modified GO-PDMA was then dried in a 
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vacuum at room temperature for 12 hours to remove the residual solvent. The 
functionalization reaction of GO-PDMS is shown in Scheme 5.4. 
 
Scheme 5.4 Functionalization of GO with PDMA 
5.2.5 Synthesis of DOPO-V: 
9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) was modified 
with Vinyltrimethoxysilane (VTMS) was achieved using the reaction explained below. 
The DOPO modified VTMS reaction scheme is shown in Scheme 3.  0.1 mol of DOPO 
(21.6 gm), 0.1 mol VTMS (14.8 gm) was added to a round bottom flask containing 
excess benzene (100 ml) equipped with a mechanical stirrer, flux condenser, dropping 
funnel and nitrogen inlet. The reaction mixture was heated to 80 °C to dissolve DOPO 
and VTMS completely to a homogeneous mixture. 0.1 gm of AIBN was dissolved in 50 
ml of benzene and was added to the reaction vessel at a flow rate of 0.1 ml/min for about 
2 hours. After the addition of AIBN, the reaction mixture was held at 80°C and stirred 
under nitrogen atmosphere for 24 hours. The resultant product was subjected to rotary 
evaporator to remove benzene and the resultant modified DOPO with VTMS was a 
colorless transparent liquid. 231        
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Scheme 5.5 Synthesis of DOPO-V. Color coded to differentiate the molecule 
from PMDA 
5.2.6 Synthesis of DOPO-V functionalized graphene oxide  
As mentioned earlier, graphene oxide was synthesized from graphite by modified 
Hummer’s method.257 The hydroxyl groups in the GO was used as active sites to modify 
with synthesized DOPO-V monomer as explained below. The as-prepared GO (0.2 gm) 
was suspended in excess THF as solvent under ultrasonication for about 90 minutes. The 
synthesized DOPO-V monomer (0.8 gm) was added to the GO mixture in presence of 
DCC (0.1 gm) as catalyst and subjected to ultrasonication for 30 min. The reaction 
mixture was then heated to 65 °C equipped with a reflux condenser under nitrogen 
atmosphere for 20 hours. The resulting mixture was subjected to centrifuge and the 
resultant precipitate was washed with anhydrous THF to remove unreacted DOPO-V. 
The resultant DOPO-V-functionalized graphene sheets GO-DOPO-V was dried in 
vacuum at room temperature for 12 hours to remove the residual solvent. The 
functionalization is illustrated in Scheme 5.6. 
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Scheme 5.6 Synthesis of GO-DOPO-V 
5.2.7 Preparation of Epoxy Composite: 
The 2wt % functionalized GO (GO-PDMA and GO-DOPO-V) containing epoxy-
amine composites were prepared in two step process to investigate the effect on flame 
retardancy. In the first step, the functionalized GO (2 gm) was dispersed in acetone ( 1ml) 
and sonicated for 60 min to exfoliate the GO sheets. Then Epoxy matrix  (EPON 826, 
73.5 gm) was added to the above mixture and mechanically stirred for 30 min. Then 
mixture was then heated to 50 °C for 10 hours in vacuum oven to remove any acetone in 
the matrix. After cooling the mixture, the amine ( D230, 24.5 gm) was added and was 
subjected to stirring for 30 min. The mixture was degassed in vacuum oven to remove 
any trapped air bobbles and the samples were casted in a mold and cured at 80°C for 2 
hours followed by a post cure at 135°C for 2 hours. Table 1 shows the components and 
the identity of the matrix which will be used to represent in the rest of the paper. For 
comparison, in addition to pure epoxy-amine matrix (containing no functionalized GO), 
matrixes with 2 wt% unmodified GO was also studied. 
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Table 5.1 Network Description 
  Identity Components Description 
EP Epon 826, Jeffamine D230 Pure Epoxy without additive 
EP/GO 
Epon 826, Jeffamine D230, Unmodified 
graphene oxide Epoxy with GO 
EP/GO-PDMA 
Epon 826, Jeffamine D230, GO modified with 
synthesized siloxane oligomer Epoxy with GO-PDMA 
EP/DOPO-V Epon 826, Jeffamine D230, DOPO as procured Epoxy with DOPO 
EP/GO-DOPO-V 
Epon 826, Jeffamine D230, GO modified with 
synthesized DOPO modified siloxane Epoxy with GO-DOPO-V 
 
5.2.8 Characterization 
The formation of oligomer (PDMA) and monomer (DOPO-V) was confirmed 
through Fourier transform infrared spectroscopy (FTIR) spectra of the dried samples 
using a Digilab Scimitar FTS-2000 IR spectrometer in reflectance mode. The synthesized 
samples where dried in vacuum oven and subjected to scans form wavelength ranging 
from 500 to 4000 cm-1 in atmospheric air.  
The chemical components was investigated using X-ray photoelectron 
spectroscopy (XPS) was carried out in a Thermo Scientific ESCALAB 250Xi X-ray 
photoelectron spectrometer equipped with a mono-chromatic Al Kα X-ray source 
(1486.6eV) located in Ningbo university of technology. The formation of chemical bonds 
before and after the functionalization step was also used as technique to confirm the 
formation of monomer and oligomers.  
Surface properties of the synthesized monomers were characterized using Atomic 
Force Microscopy (AFM). AFM observation was performed on the Bruker Dimension 
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Icon atomic force microscope in tapping-mode. The aqueous GO suspension and DMF 
suspension of functionalized GO (GO-PDMA and GO-DOPO-V) were spin-coated onto 
freshly cleaved silica surfaces. 
The Thermal stability of the synthesized monomers where investigated using 
Thermogravimetric analysis (TGA) measurement on a TA instrument Q500 
thermogravimetric analyzer. The sample (about 10 mg) was heated from 50 °C to 600 °C 
(or 700 °C for composites) at a 10 °C/min heating ramp rate in nitrogen atmosphere. 
A Govmark cone calorimeter was used to investigate the fire properties of the 
networks in compliance with ASTM E 1354-90 horizontal burn test. A detailed 
description of Cone calorimeter is given in Chapter 1 of this thesis. The standard heat 
flux for this investigation was 50 kW/m2 and the exhaust flow was set at 24L/sec. All 
cone specimens (sample size: 100 mm x 100 mm x 3 mm) were tested in a horizontal 
position. Typical results from cone calorimetry are reproducible to within about ± 10%; 
these uncertainties are based on many runs in which thousands of samples have been 
combusted. 
The residual char obtained from cone calorimeter test was examined through 
scanning electron microscopy (SEM) using Quanta FEI 200. All samples were coated 
with a conductive layer of gold of around 5 nm suing a Quorum Emitech K550X sputter 
coater to avoid charge build up on the specimen while imaging. Samples were charged 
under Argon gas and 25 mAmps for three minutes.  
 
5.3 Results and discussion  
5.3.1 Characterization of synthesized monomers 
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The synthesized monomers, (GO, PMDA, DOPO-V) and the grafted monomers, 
(GO-PDMA and GO-DOPO-V) were characterized before preparation of composite 
materials in epoxy-amine thermosets. Solubility analysis was chosen as a quick 
indication/ confirmation of the functionalization of graphene oxide (GO). GO is soluble 
in water due to the presence of carbonyl and hydroxyl groups leading to its 
hydrophilicity. Whereas, the modified monomers (GO-PMDA and GO-DOPO-V) 
introduces the hydrophobicity in the molecule through functional groups PMDA and 
DOPO-V respectively. When two immiscible liquids, H2O and CHCl3, where mixed, 
phase separation happened when the mixture was kept undisturbed. Synthesized GO, 
along with grafted GO-PMDA and GO-DOPO-V monomers, when added to the above 
mixture separately, the hydrophilic GO dissolved in H2O whereas hydrophobic GO-
PMDA and GO-DOPO-V dissolved in CHCl3 as shown in Figure 5.2. The mixture when 
agitated vigorously even after the dissolution of synthesized monomer, lead to phase 
separation which indicated the clear boundary of solubility of GO in water and 
functionalized GO monomer in CHCl3 solvent.
250,255 The evolution of surface 
functionality during reaction usually leads to a change of the graphene oxide from 
hydrophilic into hydrophobic. Thus the monomer modification can be witnessed by the 
phase transfer of GO starting material from water phase  into the CHCl3 phase. 
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Figure 5.2 Solubility experiments indicating the solubility of hydrophilic GO in water 
and hydrophobic GO-PMDA and GO-DOPO-V soluble in CHCl3 
 
The chemical structure of the synthesized monomer (GO, PMDA and DOPO-V) 
and grafted monomers (GO-PMDA and GO-DOPO-V) was characterized by FTIR 
spectroscopy.  The modification of GO monomer can be confirmed through FTIR 
technique by looking for the signals corresponding to the stretching of new bonds. Figure 
5.3 shows the FTIR spectrum for GO monomer, unmodified PMDA and DOPO-V as 
well as modified functional GO materials (GO-PMDA and GO-DOPO-V). 
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Figure 5.3 FTIR spectra showing the confirmation of monomer formation 
 
The FTIR spectra of GO shows significant contribution from -OH and C=O 
chemical groups, consistent with infrared spectra of GO presented elsewhere.258 The 
strong absorption bands at about 3406 cm-1 originated from stretching mode of -OH 
groups, C=O at 1705 cm-1, and C-O at 1211 cm-1, indicated the existence of oxygen-
based functional groups H2O and -COOH within GO.
240,259  
The intensities of the IR peaks decrease significantly after chemical attachment of 
PMDA and DOPO-V onto the GO. In Figure 5.3a (left), the strong peak at 1200-1000 
cm-1 corresponding the Si-O-Si stretching vibration in PMDA (indicated in red)  is seen 
in the spectra of GO-PMDA (indicated in blue), indicating that PMDA has been 
successfully grafted onto GO.   
The FTIR spectra of DOPO-V (Figure 5.3b-red shown on the right) showed that 
the characteristic peak at around 1200-1000 cm-1 was belonged to Si-O-C and Si-O-Si 
structures.217,240 The absorption peaks at 902 cm-1, 1274 cm-1 and 1595 cm-1 correspond 
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to the stretching vibrations of P-O-Ph, Ph=O and P-Ph bonds, respectively. Those 
findings verify that the DOPO-V has been successfully prepared.231 The FTIR spectra of 
GO-DOPO-V (Figure 2b-blue), contained the majority of absorption peaks appeared in 
both GO and DOPO-V, but the peaks intensity of -OH , C=O groups were decreased, 
which indicates the grafting of DOPO-V on GO. 
X-ray photoelectron spectroscopy (XPS) was used to elucidate the surface 
composition of GO, and the functionalization of GO (GO-PMDA and GO-DOPO-V), 
which shed information on the chemical interaction between monomers. The survey 
spectra of GO, GO-PMDA and GO-DOPO-V is displayed in Figure 5.4. XPS survey 
spectra of GO indicates only the presence of C1s and O1s peaks. The survey spectra of 
GO-PMDA displayed N1s, Si2s and Si2p peaks in addition to the characteristic peaks of 
GO at O1s and C1s. Similarly, GO-DOPO-V survey spectra, along with O1s and C1s 
peaks corresponding to GO, they displayed the presence of Si2p (102 eV), P2p (133 eV), 
Si2s (154 eV) and P2s (191 eV) peaks. This confirms the covalent functionalization of 
GO with PMDA and DOPO-V. Furthermore, the ratio of O1s to C1s peaks is reduced 
upon modification, which also evidence the covalent bonding between PMDA and 
DOPO-V to GO. Since GO was synthesized through oxidation reactions, rich oxygen 
containing groups, such as hydroxyl, epoxide, carboxyl and carbonyl groups, are brought 
to the surface of graphene sheets. GO was chemically functionalized with PMDA through 
further grafting reaction with such oxygen rich carboxyl and epoxide group as shown in 
the reaction Scheme 5.7. Thus, the existence of N 1s band at 399.3 eV (C-N) and 402.6 
eV (CO-N) shown in Figure 5.4b for GO-PMDA survey scans further confirms the 
covalent mode of modification of GO.   
 233 
 
Scheme 5.7 Chemical functionalization of GO with PMDA via oxygen rich 
carboxyl and epoxide groups available on the surface of GO 
 
 
Figure 5.4 (a)XPS survey scans of GO(black), GO-PMDA(red) and GO-DOPO-V(blue) 
which confirms the covalent functionalization of GO. (b) high resolution XPS spectra of 
N1s for GO-PMDA 
 
The higher resolution of XPS spectra in C1s region of (a) GO, (b) GO-PMDA and 
(c) GO-DOPO-V are shown in Figure 5.5. Figure 5.5b and 5.5c reproduces the high-
resolution C1s spectra for GO and GO-PMDA, respectively. The peaks for C-C (285.0 
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eV), C-O (287.0 eV), C=O (287.9 eV) and COO (289.0 eV) is clearly observed in C1s 
scan of GO (Figure 4a). As can be seen, the COO peak at 289.0 eV for GO-PMDA 
almost disappears upon the amide formation with the amine group of PMDA. The peak 
intensity of the C-O (287.0 eV) and C=O (287.9 eV) in GO-PMDA also significantly 
decreases (Figure 5.5b). This is because the nucleophilic substitution between GO and 
amine groups can cause deoxygenation and reduction of graphene oxide.250 The high-
resolution XPS spectra of C1s in Figure 3b and 3c shows the presence of four kinds of 
carbon in GO and GO-DOPO-V: C-C (285.0 eV), C-O (287.0 eV), C=O (287.9 eV) and 
COO (289.0 eV). In comparison of GO, the peaks of C-O, C=O and COO in the C1s scan 
of GO-DOPO-V are obviously decreased, which further confirmed that GO has been 
modified by the DOPO-V. 
 
Figure 5.5 (a)XPS survey scans of GO (black), GO-PMDA (red) and GO-DOPO-V(blue) 
which confirms the covalent functionalization of GO. (b) high resolution XPS spectra of 
N1s for GO-PMDA 
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Figure 5.6 AFM images of GO, GO-PMDA and GO-DOPO-V with height profile 
 
Atomic force microscopy (AFM) was used to investigate the morphology and 
thickness of the interface layer grafted on the GO sheet surface. Figure 5.6 represents the 
tapping mode AFM images of GO, GO-PMDA and GO-DOPO-V with the height profile. 
Figure 5.6a and Figure 5.6b represents the tapping mode AFM images of GO, showing 
the average height of ~1 nm for a single-layer GO sheet. After grafting PMDA, the height 
of a single-layer GO-PMDA becomes ~4 nm (Figure 5.6c and d), which is much higher 
than that of GO. The thicker sheets is possibly due to the PMDA chain grafted on GO 
sheet surface which indicate that the GO-PMDA is successfully obtained in our work. As 
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shown in the height profile in Figure 5.6e and f, the height of grafted DOPO-V onto the 
surface of GO sheet increases to 2~4 nm, comparing to 1 nm thickness of GO. 
 
Figure 5.7 3D view of GO-DOPO-V which indicates a non-uniform surface morphology 
 
Moreover, the 3D view of GO-DOPO-V (Figure 5.7) reveals that the surface of 
GO-DOPO-V is uneven, which is probably caused by the trimethoxy groups from 
DOPO-V molecular. The condensation reaction between DOPO-V molecules via 
methoxy groups can form the building blocks of polyorganosiloxanes 260,261 and 
subsequently leads to the non-uniform morphology of the surface of GO-DOPO-V sheet. 
The thermal stability of synthesized monomers along with modified GO monomer 
was characterized using TGA. Figure 5.8 indicates the TGA plot of GO, PMDA, GO-
PMDA, DOPO-V and GO-DOPO-V. GO along with synthesized monomers (PMDA and 
DOPO-V) and modified GO monomers (GO-PMDA and GO-DOPO-V) exhibits two step 
degradation process. Since GO contains hydrophilic elements on the surface, these 
materials tend to be hygroscopic which is removed at 100°C during the first step in TGA. 
The weight loss corresponded to the residual water was 7.6 wt%. The onset degradation 
temperature (Tonset) of GO was recorded to 78.5 °C with maximum weight loss happening 
at 193.1°C and yielded a char of 16.5 wt% at 600 °C. At around 190°C there was a rapid 
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weight loss was observed which was associated with the decomposition of oxygen-
containing functional groups to CO, CO2, and H2O.
254 The weight loss between 200 °C 
and 600 °C is about 8.5 wt%, associated with the removal of more thermally stable 
oxygen functionalities and thermal decomposition of GO.  
When compared to GO, GO-PMDA and GO-DOPO-V exhibit much better 
thermal stability. The superior thermal stability of PMDA and DOPO-V which when 
grafted to the thermally less stable GO, the thermal stability of both modified monomers, 
GO-PMDA and GO-DOPO-V increased.  
The TGA curve of GO-PMDA exhibits a much better thermal stability with both 
higher of Tonset (141.9 °C) and char yield (61.5 wt% at 600 °C) which is attributed to the 
presence of PMDA. The onset temperature of GO-DOPO-V and maximum weight loss 
rate were observed at 178.7 °C and 230.8 °C, respectively. It has been found that reduced 
GO is thermally stable and subject to minor mass loss in a nitrogen atmosphere, because 
most of the oxygen-containing groups on the surface of GO were removed in the 
reduction process.262 More importantly, the amount of residue char at 600 °C also 
dramatically increased from 16.5 wt% for GO to 61.5 wt% for GO-PMDA and 54.6 wt% 
for GO-DOPO-V. It could be attribute to the presence of respective monomers, PMDA 
and DOPO-V, which has a high gas-phase activity and condensed-phase activity (through 
char formation).232,236 
 
 238 
 
Figure 5.8 TGA curves of (a) PMDA, GO-PMDA and (b) DOPO, GO-DOPO displayed 
with unmodified GO for comparison 
 
Composites in epoxy amine system were made via mixing  the synthesized 
monomers, GO, GO-PMDA and GO-DOPO-V, and tested for its physical and fire 
properties. Since DOPO-V is also a popular flame retardant material, the composite was 
made by mixing DOPO-V in epoxy amine networks for comparison.  
5.3.2 Analysis of composite materials 
The thermal stability of neat epoxy-amine (EP), epoxy-amine-GO composite 
(EP/GO) and epoxy-amine-GO-PMDA (EP/GO-PMDA) under nitrogen atmosphere was 
measured through TGA and presented in Figure 5.9. All the composite materials and the 
neat EP exhibits one step degradation which is evident from the distinct single peak when 
weight loss rate is plotted as a function of temperature. The onset temperature (Tonset) of 
EP/GO (322°C) is lower than EP (346°C) because of the presence of thermally unstable 
GO and the major weight loss in GO degradation occurred below 200°C arising from the 
decomposition of the oxygen-contained functional moieties as seen in thermal stability of 
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GO itself. The addition of GO-PMDA improves the Tonset as compared to GO by 15.4 °C. 
The Tmax of the EP/GO and EP/GO-PMDA is similar to EP. However, peak degradation 
rate (PDR) of the EP/GO and EP/GO-PMDA, which indicates thermal degradation rates, 
were decreased compared to EP. 
 
Figure 5.9 TGA curves of (a) PMDA, GO-PMDA and (b) DOPO, GO-DOPO shown 
along with unmodified GO 
 
As shown in Figure 5.10, the effect of GO, DOPO-V and GO-DOPO-V on the 
thermal stability of EP has been investigated by TGA measurement, and corresponding 
data is summarized in Table 5.2. The Tonset, T50wt% of EP/DOPO-V and EP/GO/DOPO-V 
exhibit similar values, but these values are still higher than that of EP/GO. Interestingly, 
the PDR and Tmax of EP/GO-DOPO-V are both higher than those of EP/GO and 
EP/DOPO-V, which indicates that the synergistic effect of DOPO-V and GO. EP/GO-
DOPO-V has higher thermal resistance because its high stability and high char forming 
capability as compared to EP/GO and EP/DOPO-V. 
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Figure 5.10 TGA curves of (a) PMDA, GO-PMDA and (b) DOPO, GO-DOPO shown 
along with unmodified GO 
 
Interestingly, EP/GO possess the lowest residue. We hypothesize this is due to the 
low thermal stability of GO, however, this needs further investigation. The addition of 
GO-PMDA, DOPO-V and GO-DOPO-V exhibit an increase in the char residue as 
compared to GO. The residual char obtained from EP/GO-PMDA is higher than EP and 
EP/GO, which increased by 1.6 wt% with only 2 wt% addition and the residue char of 
EP/DOPO-V, EP/GO-DOPO-V is increased by 1.17 wt% and 1.50 wt%, respectively. 
The rich char yield formed during decomposition is due to the condensed phase flame 
retardant mechanism of silicon element in GO-PMDA, which can block the fuel and 
oxygen between composites and the environment as well as hinder the heat transfer. In 
case of DOPO-V and GO-DOPO-V, we hypothesize that since both Si and P elements 
have the function of promoting the char formation, the incorporation of DOPO-V in GO 
had a marked influence on the thermal decomposition behavior of EP. Interestingly, the 
presence of GO with DOPO-V yielded higher char and we hypothesize the early 
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degradation of GO helps promote the decomposition of DOPO-V which acts as a 
mechanism of higher char formation. 
Table 5.2 TGA data of epoxy-amine / GO-DOPO-V/ GO-PMDA nano-composites   
Sample 
Temperature (°C) PDR 
(wt%/°C) 
Residues 
(wt%) Tonset T50wt% Tmax 
EP 346.0 383.5 381.4 2.09 7.02 
EP/GO 322.5 378.6 378.2 1.84 6.95 
EP/PMDA 336.1 381.7 375.9 1.79 7.34 
EP/GO-PMDA 337.9 381.3 378.2 1.92 8.76 
EP-DOPO-V 338.7 380.2 376.8 1.84 8.19 
EP/GO-DOPO-V 338.4 381.9 379.0 1.96 8.52 
Tonset – Onset temperature; T50% - Temperature at 50% degradation; Tmax - Temperature at 
max degradation; PDR–peak degradation rate 
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Figure 5.11 DSC thermograms of composites investigated in this work. Curves are offset 
vertically for clarity 
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DSC thermograms of the investigated networks along with nanocomposites are 
shown in Figure 5.11. The first heat (not shown) resembles the third heat shown here 
which indicates there is not unreacted monomers or any reactive nanocomposites present. 
It is very evident that the addition of nanocomposite did not affect the glass transition 
temperature indicating the nanocomposite did not alter the network structure. 
 
Figure 5.12 Storage modulus and Tan delta curves for EP, EP/GO and EP/GO-PMDA in 
the DMA test 
 
DMA is a good technique to probe the interfacial interaction between additives 
and the polymer matrix. Figure 5.12 shows the temperature dependence of the storage 
modulus and tan delta of EP and its nanocomposites. The storage modulus of pure EP at 
80 °C is 928.2 MPa. When adding 2 wt% of GO, the storage modulus of EP composites 
is decreased by 57.7% and reached 392.9 MPa below the Tg. The high hydrophilicity of 
GO and its large aspect ratio have a significant effect on the decrease of storage modulus. 
This is ascribed that GO affects the cross-linked structure between the EP molecular 
chains and the curing agent, and acts like a plasticizer role which increases the flexibility 
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of chain segments of EP matrix. This indicates the reduced cross-linking density of EP 
which lead to decreased mechanical properties.259 
However, the storage modulus of EP/GO-PMDA shows much higher compared 
with EP/GO. The addition of 2 wt% GO decreases Tg of the EP matrix from 92.7 °C to 
84.8 °C which confirms the plasticization effect of GO on EP. But with addition of GO-
PMDA the Tg increases from to 89.5 °C. This indicates that the grafting of PMDA 
improves the dispersion and solubility of GO sheets in the EP matrix. A similar trend was 
observed with systems containing DOPO-V as nanocomposites. 
 
Figure 5.13 Storage modulus and Tan delta curves for EP, EP/GO and EP/GO-DOPO-V 
in the DMA test 
 
The storage modulus as a function of temperature and ten delta of DOPO-V 
nanocomposites plotted as a function of temperature is shown in Figure 5.13a and Figure 
5.13b respectively. As mentioned earlier, DOPO-V has been reported as flame retardant 
and hence addition of DOPO-V (without grafting on GO) has also been evaluated. The 
storage modulus of EP/DOPO-V is the lowest as compared to the GO based 
 244 
nanocomposites. This primarily due to the agglomeration or inadequate dispersion of 
DOPO-V in EP matrix. Addition of nanocomposites tend to increase the storage modules 
due to the reinforcing characteristics causing a decrease in relaxation amplitude of the 
polymer chain due to the polymer filler interactions. Thus addition of GO containing 
nanocomposites (GO, GO-DMPA and GO-DOPO-V) increases the storage modulus. 
Addition of GO-DOPO-V and DOPO-V in EP reduces the Tg of the composite networks. 
But when only DOPO-V is added there exists two distinctiveness peak which indicates 
there exists two phases, which also points to the agglomeration. The addition of 
nanocomposites broadens the tan delta peak which indicates the better damping. Addition 
of GO containing nanocomposites, increased the Tg when compared to just addition of 
only DOPO-V which proves the addition of GO facilitated better interaction between the 
filler and the matrix.            
The cone calorimeter is one of the most effective methods to evaluate the 
flammability of various composites in real-world fire conditions. The heat release rate 
(HRR) and total heat release (THR) obtained from cone calorimeter have been found to 
be one of the important parameters to evaluate fire safety. Figure 5.14 shows the HRR 
and THR plotted as a function of time curves for EP, EP/GO and EP/GO-PMDA. In 
comparison to pure EP, the peak heat release rate (pHRR) and THR of nanocomposites 
with the incorporation of 2 wt% GO was reduced by 21.6% and 8.8% respectively. The 
time to ignition significantly reduces upon addition of GO and GO-PMDA based 
materials which is attributed to the highly flammable nature of organic content added. 
However, addition of nanocomposites to the epoxy matrix broadens the heat release 
curves which indicates the charring nature of the composites. The superior flame 
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retardancy of EP/GO over EP could be attributed to the barrier effect of GO, which 
retards the permeation of heat and the escape of volatile degradation products. Moreover, 
the pHRR of EP/GO-PMDA exhibits further reduction (30.5%, compared to EP), even 
though THR display little change (10.0%, compared to EP). The best flame-retardant 
properties of EP/GO-PMDA could be attributed to two aspects: firstly, the reduction of 
GO by PMDA helps converting GO into a more stable form, reduced-GO; secondly, 
PMDA can create a stable silica layer on the char surface of EP, which reinforces the 
barrier effect of graphene. Similar results have been reported on reduction and surface 
functionalization of graphene oxide with POSS in epoxy composites.250,254 
 
Figure 5.14 HRR and THR curves of EP, EP/GO, EP/PMDA and EP/GO-PMDA 
 
The heat release rate (HRR) and total heat release (THR) of EP, EP/GO, 
EP/DOPO-V and EP/GO-DOPO-V is shown in Figure 5.15. As expected, the peak heat 
release rate (PHRR) and THR are both decreased compared to that of pure EP, and the 
maximum decreases of 28.8% in PHRR and 15.6% in THR are achieved by GO-DOPO-
V. Interestingly, properties are different between DOPO-V and GO-DOPO-V based 
nanocomposites. The grafting of GO with DOPO-V (GO-DOPO-V) decreases the time to 
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ignition making it ignite faster, but the heat release curve of GO-DOPO-V shows higher 
char formation during combustion as compared to DOPO-V without GO. This is 
rationalized to two factors: first, GO aids in better dispersion of DOPO-V (avoiding 
agglomeration) and secondly the higher ignitability of GO which helps burning DOPO-V 
to produce char.  As compared to GO and DOPO-V, GO-DOPO-V exhibits much better 
in improving the flame retardancy of EP. 
 
Figure 5.15 HRR and THR curves of EP, EP/GO, EP/DOPO-V and EP/GO-DOPO-V 
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Table 5.3 Cone calorimeter data for PMDA based nanocomposites (on the top set) and 
DOPO-V based nanocomposites (on the bottom) 
Chemical 
Composition 
Tig (sec) 
PHRR 
(kW/m2) 
TPHRR 
(sec) 
Avg. 
HRR 
(kW/m2) 
THR 
(MJ/m2) 
Avg 
MLR 
(g/m2s) 
Char 
yield 
[%] 
EP 33 2180.8 78 465.3 94.2 20.1 1.56 
EP/GO 21 1710.4 54 891.1 85.9 22.3 0.27 
EP/GO-PMDA 24 1515.5 63 781 84.8 22.1 0.94 
EP/PMDA 32 1726.5 63 670.7 84.5 19 2.47 
EP/GO-DOPO-V 22.5 1552.8 50 821.6 79.3 19.7 9.83 
EP/DOPO-V 30 1646.8 65 771.2 82.4 23 3.20 
 
Note: Tig – time to ignition; Duration – total time for combustion; PHRR – peak heat release rate; TPHRR – 
time to PHRR; Avg. HRR – average heat release rate; THR – total hear release; Avg. MLR – average mass 
loss rate;char yield – amount of residue after combustion. 
 
The residual char morphology obtained in cone calorimeter measurement was 
studied by SEM, as shown in Figure 5.16 and Figure 5.17. 
 
Figure 5.16 SEM images of residual char after cone calorimeter measurement 
 
 
                      EP                                EP/GO                     EP/GO-PMDA 
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It was observed that EP is a highly flammable material and its residual char 
obtained showed a loose and multi-porous feature, and the inner morphology shows a 
honeycomb structure. The char obtained for EP/GO, honeycomb morphology was not 
observed, but there existed porous structure on the char layer. However, the char 
morphology of EP/GO-PMDA is quite different with that of EP/GO. Homogeneous outer 
char without any porous and dense structure is observed for the EP/GO-PMDA 
composites. The continuous and compact char surface are good barriers to protect the 
underlying polymers and inhibit the exchange of degradation products, combustible gases 
and oxygen. This is primarily due to the improved dispersion of nanocomposites in epoxy 
amine systems aided by the presence of GO. It indicates that the GO-PMDA can promote 
the formation of dense char layer and enhancing char stability. 
 
Figure 5.17 SEM images of residual char after cone calorimeter measurement 
 
Char obtained for EP/GO and EP/DOPO-V is non-uniform and porous, which is 
caused by the released gaseous products during combustion, and the volatilization of 
these gases consequently lead to the formation of multi-porous interior chars.246,256 For 
EP-GO-DOPO-V, homogeneous, continuous and compact residual char is formed. As 
 
 
             EP                   EP/GO              EP/DOPO-V               EP/GO-DOPO-V 
 249 
mentioned earlier, this can be attributed to better dispersion caused by the presence of 
GO which leads to barrier effect along with formation of phosphorus/silicon layer by 
DOPO-V molecules. Owing to the chemical combination and dispersibility of GO and 
DOPO-V during char formation, the strength of EP/GO-DOPO-V residual char is 
improved, which can protect the underlying polymer and inhibit exchange of degradation 
products, combustible gases and oxygen. Finally, the combustion behavior of EP is 
strongly enhanced, which is in accordance with the results obtained via TGA analysis and 
Cone measurements. 
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Figure 5.18 FTIR spectra of residual char after cone calorimeter measurement 
 
The residual char of EP, EP-GO and EP/GO-PMDA after cone calorimeter 
measurement is further investigated by FTIR spectra (Figure 5.18). As can be observed, 
the FTIR spectra of EP and EP-GO exhibit similar shape, with two peaks at 1558 cm-1 
and 1110 cm-1. Distinctively, the FTIR spectra of EP/GO-PMDA shows the Si-O-Si 
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strong peak at 1074 cm-1, indicating the occurrence of partial cross-linking of PMDA to 
form a highly dense Si-O structure. As a result, the presence of the silica layer improves 
the thermal oxidative resistance of the protective char layer, which could effectively 
inhibit the heat and mass transmission, and the release of combustible gases from the 
matrix, which is in accord with the results showed in cone calorimeter and SEM 
measurement. 
5.4 Conclusion  
A novel flame-retardant nanocomposite was developed for epoxy-amine networks 
which contained phosphorous and siloxane moieties grafted on to a graphene oxide (GO). 
The uniform distribution of GO was achieved by siloxane and phosphorous 
modifications. The flame retardancy was greatly enhanced due to the synergistic effect of 
FR materials (phosphorous, siloxane and GO) along with the uniform distribution of GO 
within the matrix.  
A modified Hummer’s method was adopted to synthesize GO from graphite 
which let oxygen based functional groups on the surface. Synthesized siloxane-based 
copolymer with amine functional group was grafted to GO with the acid functional 
groups present on the GO surface. A phosphorous based compound, 9,10-dihydro-9-oxa-
10-phosphaphenanthrene-10-oxide (DOPO) was modified with vinyltrimethoxysilane 
(VTMS) to synthesize DOPO-V. This was grafted on GO through the hydroxyl 
functional groups present on the surface of GO. FTIR, XPS and AFM was used to 
monitor the extent of monomer synthesis and grafting.  
Composites were prepared by adding 2 wt% of GO modified nanocomposites, 
GO-PMDA and O-DOPO-V, in standard DEGBA based epoxy resin crosslinked with 
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polyether amine based curative. Thermal and mechanical properties of the composites 
were analyzed and compared with the composites prepared by mixing GO, PMDA and 
DOPO-V. The residue obtained from TGA measurements indicated that the grafted GO 
based nanocomposites lead to a higher char yield. DMA analysis revealed a slight 
increase in storage modules with decrease in Tg when nanocomposites based on grafted 
GO was added. This indicated an uniform dispersion along the matrix. On contrary, when 
pristine PMDA or DOPO-V was added, the storage modulus decreased as compared to 
the neat epoxy amine networks indicating the tendency of agglomeration. 
The cone calorimetry results show a synergistic effect of GO and phosphorous 
and siloxane based on DOPO-V and PMDA moieties respectively.  The effect of grafting 
PMDA and DOPO-V on GO on FR properties was compared and the effect of grafted 
nanocomposites where more pronounced than when added as individual component 
despite its potential fire-retardant capability.  This is attributed to the efficient dispersion 
of nanocomposites which is aided through the functionalization of GO. 
The residue obtained in cone calorimeter was analyzed in SEM. The char 
obtained for nanocomposites prepared from grafted GO left a dense (less porous char) as 
compared to the pristine nanocomposites. This indicates the grafted nanocomposites 
formed a thick layer of insulating char which acted as a barrier to both heat and 
transportation of molecules to aid the fire. Thus in addition to the synergistic effect of 
DOPO-V and PMDA with GO, grafting improved the dispersion leading to the formation 
of dense char further improving the flame resistance of the composites.   
In conclusion, a uniform dispersion of FR material in the matrix improves the 
flame retardancy of the matrix. In this study, GO was made solubilized in the epoxy 
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systems through grafting the hydrophobic elements, PMDA and DOPO-V, on to the 
surface. The flame retardancy mechanism was from the synergistic effect of both 
contribution from the chemical elements along with improved dispersion.       
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CHAPTER VI METAL ORGANIC SALTS AS NEW INTUMESCENT FLAME 
RETARDANT MATERIALS.  
Abstract 
Traditional flame retardants including halogenated, phosphorous and boron based 
materials posses high smoke release as their mechanism of fire scavenging. As a result, 
these materials are being phased out and there is a need of flame-retardant materials 
which are green. For the first time, we showed that the dissolved metal salt can greatly 
improve the flame retardancy as compared to a metal dispersed in the polymer phase. It 
was found that the primary and secondary amine aided in dissolution of metal salt in the 
polymer matrix. A two-step approach was chosen such that the first involved the 
preparation of small molecule additive by mixing amine with the metal salt. The 
synthesized small molecule additive was subsequently added to the polymer matrix. The 
dissolution was evidenced visually when the additive turned transparent along with 
checking for the loss in crystal structure of salt through wide angle x-ray analysis. As a 
proof of concept, we examined the flame-retardant effect of small molecule additive in 
epoxy-amine (EP), polyurethane (PU), polystyrene (PS) and polyethylene oxide (PEO) 
polymers. The cone calorimeter results indicated that the flame-retardant effect was seen 
when the additive concentration was as low as 0.1wt% of metal. Decrease in peak heat 
release rate (PHRR) compared to neat polymer matrix was chosen as a parameter to 
determine the flame-retardant effect of metal salt. We determined that the increasing 
concentrations of small molecule additive decreased the PHRR up to 12 wt% based on 
metal, beyond which the PHRR increased. This is possibly do to the increase in organic 
content arising from the tail portion of the metal salt. In a separate study, the effect of 
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addition of different metals in flame retardancy   were compared. The effect on flame 
retardancy when the metal salt was dissolved was compared to the composites containing 
dispersed metal salt. It was very evident that the dissolved metal salt had higher reduction 
in PHRR values. A thick layer of continuous char was obtained for the composites that 
contained dissolved metal, whereas the char was porous non-continuous for the 
composites containing dispersed metal salt. This illustrated the importance of the 
dissolved metal salt. Surprisingly addition of small molecule additive induced 
plasticization effect. Differential scanning calorimeter (DSC) analysis revealed that 
addition of small molecule additive decreased the glass transition temperature with 
increasing content. Compressive tensile test was performed to verify the plasticization 
effect. The wide angle x-ray analysis was performed on the char obtained after the 
combustion which revealed the presence of oxide form of metal salt. In a separate study, 
stearate salts were heated above its melting temperature round 90°C to obtain a 
transparent mass which was added to the polymer matrix. This transparent composite also 
had improved flame-retardant properties compared to the neat polymer. Self-healing 
flame retardant composites were prepared by synthesizing an metal containing polyol 
crosslinked with an isocyanate. The co-ordination bond between the metal and the 
organic tail in the backbone imparted the self-healable nature to the polymer, whereas the 
presence of dissolved metal salt imparted the flame-retardant behavior. 
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6.1 Background  
Polymers have found a wide variety of applications increasingly being used in the 
automotive, electronics and aerospace industries due to their high strength to weight 
ratios and high stiffness. The tunability of a polymer based on its constituents used such 
as improving corrosion resistance, thermal and electric insulation, adds advantage 
compared to other materials in use.263 The major setback impeding polymers from 
extensive use is the flammable behavior. Since polymers are essentially organic 
molecules which are combustible, they decompose (bond-breaking) when exposed to 
sufficient heat generating flammable volatiles. These volatiles when mixed with air 
(oxygen), ignition occurs.206,264 Thus, there is a necessity to improve the flame retardancy 
of polymers in order to take advantage of such versatile materials.  
Polymer combustion process is a complex phenomenon involving a series of 
independent steps which occurs in condensed or gas phase along with the interphase 
between these two phases.206  Flame retardancy does not mean that the polymeric 
material is resistant to burn, but rather it will be harder to burn. Flame retardant polymers 
avoid a sudden burst of heat energy and smoke aiding with the time to escape.223,264 
Polymers can be made fire resistant in different ways. The first obvious strategy is to 
break the fire triangle (oxygen, heat and fuel). The most common way to break the fire 
triangle by stopping the heat transfer and cut off oxygen is by using a FR material which 
forms char upon combustion.  
Flame retardants (FR) can be classified in several ways. The classification can be 
based on the mode of addition (additive or reactive), based on the fire-retardant process 
(cooling, isolation and dilution) or based on the chemical nature (broadly halogenated 
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and halogen-free fire retardants).265 There is no definite way of classifying FR materials 
and a single class of material can be assigned in multiple mechanistic ways. Also, two 
materials can be combined to synergistically improve the performance of FR material. 
Classification based on the FR method of action include additive approach or 
reactive approach.266,267 FR additives can be mixed with polymer matrix either during 
processing or post-processing stages. Care must be taken to ensure the homogeneous 
dispersion and aggregation free when added to the matrix. Adding flame retardants as 
additives can affect the physical and chemical properties of polymer. Reactive FRs are 
prepared by synthesizing monomers with the FR molecule. This has the advantage over 
additive FR to be permanently bonded to the polymer matrix along with use of relatively 
low quantities. However, obtaining reactive systems are more expensive because they 
require the development of a new polymer with specific chemical and physical 
properties. Recently, several researches have been focused in combing the above two 
methods by adding FR containing oligomers with reaction functional groups.268–270 
The FR materials can act via physical or chemical mechanisms.265 There are 
various potential ways in which flame retardants can react.  
Physical mechanism: 
• Cooling: FR materials can degrade endothermically cooling the substrate of the 
polymer to the temperature below its degradation or below the temperature 
required to sustain the combustion process. Examples include metal hydroxides. 
• Isolation: Formation of layer of char on the surface during combustion, which acts 
as a thermal barrier reducing the heat transfer to the unburnt polymer surface. The 
char layer also isolates the volatiles formed reducing the fuel flow to the fire. 
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Intumescent systems and Nano-composites that form char upon combustion are 
contained in this category.   
• Dilution: FR that releases inert gases or polymer matrix that contains inert 
substances diluting the fuel in the gaseous and solid phase respectively, reducing 
the volatile flammable compounds in the flame.        
Chemical mechanism: 
• Gas phase: Polymer materials during combustion produces species that react with 
atmospheric oxygen to reduce the propagation of fire. Usually, the exothermic 
process is reduced by the reactive radical quenching in the gas phase. 
Phosphorous based and halogenated FR fall in this category of materials. 
Depending on the nature of FR, the radicals may vary. 
• Condensed phase: FR compounds during combustion can form a charring layer 
through the dehydrating leading to crosslinking reaction. As we know that char 
acts as a physical barrier from heat and mass transfer thus reducing the 
flammability of the system. Examples include boron and phosphorous based FR 
materials.  
Broadly, FR materials can be broadly classified into halogenated and halogen-free 
materials based on the chemical identity. A brief overview of such FRs are discussed 
below. 
Halogenated FR: 
For several decades, halogen-based compounds serve as FR material when mixed 
with polymer matrix. Halogenated compounds, mostly brominated are often mixed in the 
polymer matrix as additives or by co-polymerization. Some research points that the 
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halide FR acts in condensed phase,271 but most research indicates the retardant happens in 
the gas phase.180,272 Highly reactive H• and OH• radicals are generated upon polymer 
degradation. Halogen based FR inhibit flame propagation in the gas phase by quenching 
these hydrogen and hydroxy radicals to form hydrogen halides. These hydrogen halides 
act as a flame inhibitor because they quench the radicals that cause chain branching 
propagation.271 
R-X →X• + R• 
RH + X• → HX + R• 
H• + HX → H2 + X• 
OH•+ HX → H2O + X• 
In the view of physical mechanism, the hydrogen halides dilute the concentration 
of combustible gases thus decrease the temperature of the flame. In the condensed phase, 
halogen radicals after abstracting the hydrogen atoms, newly unsaturated polymers with 
double bonds are formed which are known to be the precursors for char formation.272 
Halogenated compounds represents a hazardous environment because of the 
increasing quantities of smoke and toxic decomposition products that are released during 
the combustion process. Moreover, they may also lead to formation of strong acid such as 
HCl and HBr which can be deteriorating both the polymer and the environment.225 Thus 
halogenated compounds, despite of having good flame retardancy, with the growing 
concerns regarding human health and environmental safety, halogen-free FR being 
developed.  
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Halogen-free FR: 
− Nitrogen based 
Nitrogen based FR are becoming popular due to its relatively low toxicity 
compared to halogenated compounds. FR family containing nitrogen can be mainly 
divided in two families based on the mechanism.273 One, endothermic decomposition 
caused by ammonia via dilution of the flammable gases in the gas phase. Second, 
melamine-based systems that enhances char formation in the condensed phase upon 
combustion. Guanidine, urea, ammonium polyphosphate (APP), ammonium pentaborate 
and sulfamate has been reported as effective FR materials in this family that acts in the 
gas phase. Melamine is the most popular compound with a melting point of 350°C that 
contains 67 wt% of nitrogen. In addition to the release of ammonia upon combustion 
which dilutes the combustion gas species, the decomposition reaction leads to the 
formation of thermally stable cross-linked phase known as melan, malem, and melon 
(Scheme 6.1) which is a precursor to form an incombustible insulating layer of char.274 
However, melamine-based polyphosphate compounds produce dripping during the 
combustion which limits its usage.      
 
Scheme 6.1 Thermal decomposition of melamine-based products. 
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− Phosphorous based 
Phosphorous based compounds constitute a large group of FRs which includes red 
phosphorous, phosphine oxide, phosphates, phosphonates and phosphinates (Figure 1).274 
Phosphorous based FRs are know to act both in gas phase and in condensed phase. 
Phosphoric acid is released during the decomposition which may catalyze the polymer 
degradation leading to double bond formation, subsequently leading to the char 
formation. Furthermore, phosphorous based FR forms active species such as PO2•, PO• 
and HPO• which acts as scavengers for combustion products such as H• and OH•, thus 
reducing the flame spread. Reports are available in literature that phosphorous 
compounds produce radicals that are more effective than halogenated based radical 
scavengers.272,273 Phosphorous based compounds can either be inorganic based 
(ammonium polyphosphate) or metal phosphinates (aluminum based phosphinates).275 
 
Figure 6.1 Phosphate based FR. 
 
Phosphates can also be separated based on the incorporation method as reactive 
and non-reactive phosphate with either chemical or physical mixing respectively.273   
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− Inorganic and Nano FR 
Inorganic FRs which constitutes major of FR market consists of metal hydroxides, 
natural minerals, borates and layered double hydroxides. They are advantages because of 
its low cost, non-corrosive combustion products combined with the easy mixing to 
several polymer system, however certain drawbacks are associated to its high loading 
level which hampers the mechanical properties.276 Nano particles with its high aspect 
ratio alters the desired property of the polymer matrix. Nanoclays,277 graphene,278,279 
carbon nanotubes (CNTs),70 metal oxides are few such examples that are used in 
improving the fire resistance of the polymer matrix. 
Clay are referred to natural compounds with layered aluminum silicate containing 
cations such as Na+ and Ca2+ in between the layers which are exchangeable with other 
cations.277,280,281 Montmorillonite (MMT) is typical clay used as a filler in the polymer 
matrix. In a certain study, the clays showed a synergistic effect after combining with 
phosphorous and halogenated compounds.173,282 Modified clays were prepared by 
intercalating with hexyl-triphenyl-phosphonium bromide and then grafting with glycidyl-
oxypropyl-trimethoxy silane.283 It has been also reported that addition of Nanoclays up to 
5 wt% improves both mechanical properties and FR properties.284 These compounds 
create a protective layer of char during combustion which slows down the heat and mass 
transfer. Inorganic silicone nano particles have been also reported to exhibit FR 
properties without hampering the mechanical properties.18,36–38 
Boric acid, boron oxide, zinc borates, melamine borate, boron phosphate and 
boron siloxanes are some of the boron-based compounds reported as FR.284–287 Boron 
based FR acts mainly in condensed phase by favoring the carbon formation during 
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combustion rather than CO or CO2 formation thus enhances the char formation which 
forms a barrier layer to prevent oxidation during combustion. The char formation relates 
to the thermal action of boronic acid with alcohol moieties in the polymer or during 
combustion. Scheme 6.2 demonstrates the formation of boroxine networks from boric 
acid as an example which enhances the char formation.288 
 
Scheme 6.2 Formation of boroxine networks from boric acid, a precursor for char 
formation.. 
 
It has been reported that addition of boron-based FR leads to formation of boron 
oxide protective layer which further prevents degradation of the underneath polymer. 
The other inorganic FR includes layered double hydroxides (LDH). LDHs are 
similar to metal hydroxides, but M2+ cations are replaced by M3+ and the excess positive 
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charged is balanced by intercalated anions and water molecules.289 These materials 
follows a strong condensed phase mechanism with the formation of char layer in addition 
to diluting the flame due to the presence of water molecules. The ability of LDH to 
disperse arise from the charge present in the molecules.172,289–291 The type of metal and 
the morphology also determines the char forming capability of LDH.      
Silicone based materials such as silica, silicates, organ silanes and silsesquioxanes 
are widely used FR compounds.284 These compounds have low toxicity, high thermal 
stability along with reduced corrosive r toxic compound release during combustion. 
These compounds are either added as an additive or as co-reactant in the networks. 
Siloxane based compounds acts in the condensed phase by enhancing the char formation 
which acts as the barrier layer for heat and mass transfer as explained before. 
Polydimethylsiloxane (PDMS), polyhedral oligomeric silsesquioxanes (POSS) and its 
derivatives are most commercially available FR compounds. Reports are available 
indicating the synergistic effect when used with phosphorous based compounds.292–294 
Recent studies in our lab indicated the effect of POSS structure on flame retardancy of 
thiol-ene networks. We found that incorporation of 5 wt% of aromatic POSS improved 
the FR properties of such networks. 
Metal hydroxide form an important class of FR materials due to their dual mode 
of action: one the metal oxides to form a layer of char at the interface between the 
polymer and combustion. Secondly, the material acts as a heat sink due to the strong 
endothermic reaction that occurs during decomposition as shown in Scheme 3.295 The 
water molecules that are released dilutes the flammable gases reducing the thermal 
transfer improving the flame retardancy. 
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Al(OH)3 →Al2O3 + 2H2O 
Aluminum hydroxide (ATH) and magnesium hydroxide are major metal 
hydroxides that are used as FR. Several variants such as particle size (ranging from 1.5 
micron to 35 micron), shapes are commercially available. The main advantages include 
low cost and low toxicity.  The major drawback in using such FR is it higher loading 
which can be detrimental to the mechanical properties of the polymer. The other 
drawback is its tendency to form agglomerates which has been overcome by surface 
treatments to improve the dispersion.165,226,296   
Recent work in our group demonstrated the potential use of hydrated metal salts 
such as zinc acetate and cobalt acetate as flame retardant agents for epoxy amine 
networks. We found that the char formed during the combustion trapped in the volatiles 
from feeding the fire, thus reducing the PHRR of the composite materials.74  
In this work, we examined the potential use of several metal-based FR by 
dissolving in the polymer matrix. It was found that the dissolution of metal salt was the 
key aspect in achieving better flame-retardant properties. It was also found that the 
additive approach can be utilized in order to use the synthesized FR additive to several 
polymer including, epoxy-amine, polyurethane, polystyrene and polyethylene oxide, 
which showed greater performance than the pristine polymers. In a separate study, when 
these flame-retardant additives were added as a reactive component in a polyurethane 
system, we found that beyond certain concentration of dissolved salt, self-healing 
property was achieved.      
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6.2 Experimental  
6.2.1 Materials  
Amine based monomers, 3-amino-propanol, n-dibutyl amine, ethylene diamine 
and triethyl amine were procured from Sigma-Aldrich. All zinc salts (zinc acetate, zinc 
acrylate, zinc undecylenate, zinc stearate, zinc citrate and acetate salts of cobalt and 
nickel, and stearate salt of sodium, magnesium and nickel were also procured from 
Sigma-Aldrich. All metal salts had a reported characteristic particle size small than 50 
nm. Laboratory grade stearic acid was procured from Fischer scientific. Chemical 
structures of all amine monomers and metal salts are reported in Figure 6.2 and Figure 
6.3 respectively. Diglycidyl ether of Bisphenol-A based epoxy monomer, Epon 826 was 
supplied by Hexion Inc. and the polyether diamine based curing agent, Jeffamine D230 
was provided by Huntsman. Polyurethane networks were prepared by reacting polyol 
with isocyanate. Sovermol 1092, a polyether ester based polyol was provided by BASF 
and the isocyanate, Desmodur W, was provided by Covestro. Since these compounds are 
provided by the industry, the exact structures are not known. However, since the 
properties were compared between metal based composites and the neat networks, the 
actual structure of the commercial monomers didn’t affect this study. Polystyrene with 
Mw= 90,000 and polyethylene oxide with Mw= 100,000 were procured from Sigma-
Aldrich. Monomers used in self-healing polyurethane studies, diethanol amine, methyl 
acrylate and hexanediol diacrylate were also procured from Sigma-Aldrich. All 
monomers were used as received. Solvents acetone and xylene which were used to in 
polyurethane networks were treated in a column of Zeolite 5A to remove any 
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contaminated moisture. Small molecule additive and β-amino complex are used 
interchangeably and both indicate the dissolved metal salt. 
  
 
Figure 6.2 Monomers used as dispersing agents for small molecule metal based additive 
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Figure 6.3 Metal salts used in this work 
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Figure 6.4 Monomers / oligomers used as base to prepare composite materials 
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Figure 6.5 Monomers used to prepare flame-retardant self-healing material 
6.2.2 Synthesis of small molecule additive / β-amino complex  
 
i. For the work where, different zinc salts and different metal acetates dissolved in 
epoxy-amine, polyurethane and polystyrene, the following protocol was used. Small 
molecule metal containing additive was prepared by mixing the desired salt to an 
amine which is preheated to 65°C. Metal salts, were added slowly such that the added 
powder doesn’t agglomerate in the amine. A stochiometric ratio of 0.5:1 of metal salt 
to dibutyl amine was used to dissolve the metal salt to the amine. The reaction 
mixture was stirred continuously until it turned transparent. The confirmation of small 
molecule additive formation was carried out through the visual inspection for its 
transparency. The prepared small molecule additive was then cooled to room 
temperature gradually and then subsequently added to the desired polymer matrix. In 
certain instances, acetone was added in excess, to aid the mixing of metal salt in the 
amine. Dibutyl amine was chosen as a dispersing agent for the metal salts due to its 
solubility in common solvents for epoxy-amine, polyurethane and polystyrene. 
Special care was taken when additives were prepared to use with poly-isocyanate, 
since presence of moisture will result in polyurea when reacted. Thus, the solvent was 
poured through a column of zeolite 5Å to remove any trapped moisture in the solvent. 
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It is to be noted that even after removal of moisture from solvent and other 
monomers, there were certain instances we were not able to stop the formation of 
polyurea. Solubility was important to aid the miscibility of these prepared small 
molecule additive in those polymer matrices. 
 
Scheme 6.3 Synthesis of small molecule additive using dibutyl amine and zinc 
acrylate 
 
ii. In case of small molecule additive which was added to water soluble polyethylene 
oxide, water soluble amine, ethylene diamine. Since NMR and preliminary 
miscibility test pointed the reaction between zinc acrylate and amine was Michael 
addition reaction, stochiometric quantities were mixed such that for every replicable 
proton in nitrogen requires one electron rich double bond. Thus the stoichiometry 
between zinc acrylate to ethylene diamine was altered to 1:0.5 zinc acrylate to 
ethylene diamine. The prepared additive was checked for solubility in water and it 
was confirmed that the additive was completely miscible in water. 
 
Scheme 6.4 Synthesis of small molecule additive with self-healing property 
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iii. Small molecule additive preparation for self-healing polyurethanes involved the use 
of  diethanol amine as dissolving agent. A similar protocol was chosen as mentioned 
earlier with a stoichiometry of 0.5: 1 zinc acrylate to diethanol amine. Since it was 
well established from earlier work in this chapter, the stochiometric amounts were 
mixed and further used to prepare composites without NMR conformations.  
6.2.3 Composite Preparation 
i. Epoxy amine networks were prepared from standard diglycidyl ether of bisphenol-A 
(DGEBA) crosslinked with a diamine. Epon 826, a DGEBA epoxy resin was 
generously provided by Hexion Inc. and the crosslinker, Jeffamine D230, a polyether 
based diamine was provided by Huntsman. Epoxy amine networks were prepared by 
mixing Jeffamine D230 to Epon 826 at 1:1 stoichiometric quantities. Every epoxide 
group is reacted with the proton in nitrogen, hence Epon 826’s functionality was 2, 
whereas the Jeffamine D230 functionality was 4. The composites were prepared by 
adding the synthesized small molecule additive to a preheated epoxy resin to 75 °C. 
Since Epon 826 was viscus in nature, preheating was necessary to facilitate the mixing. 
The mixture was then cooled down to 45°C and a stochiometric quantities of Jeffamine 
D230 was added under string. The mixture was then degassed to remove any trapped 
air bubbles in a vacuum oven held at 60°C for about 10 minutes and subsequently 
casted in a desired mold. The liquid cast was then solidified by curing at 90°C for 12 
hours. Neat crosslinked networks were prepared in a similar way except the addition of 
small molecule additive to epoxy resin. 
ii. Polyurethane composites were prepared by mixing the synthesized small molecule 
additive to the desired polyol which was then crosslinked through isocyanate. The 
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synthesized small molecule additive (β-amino complexes of zinc acrylate) was mixed 
with moisture free xylene to achieve a mixture containing 10 wt%, which was then 
added to poly-isocyanate prepolymer at room temperature. This mixture was slowly 
added in stochiometric quantities to a polyol. this mixture was degassed in a vacuum 
oven maintained at room temperature for 10 min. Thermal environment was found to 
trigger the reaction between isocyanate and polyol and thus all premixing was done at 
room temperature in a moisture free environment. The mixture was then casted to a 
desired mold which was crosslinked at 85°C for 12 hours. It was very important to 
avoid the moisture ingress, either through added solvent or monomers, for polyurethane 
systems to avoid formation of polyurea. 
iii. Polystyrene which were procured from Sigma-Aldrich was dissolved in methylene 
chloride under string. The synthesized small molecule additive was dissolved in excess 
methylene chloride and subsequently mixed with the dispersion of polystyrene in 
methylene chloride under stirring and casted in desired mold. The curing schedule was 
to bake at 65°C for 24 hours.  
iv. Metal containing polyethylene oxide composites were prepared using water soluble 
small molecule additive prepared using ethylene diamine. Small molecule metal 
additive was dissolved in DI water and added to a solution of polyethylene oxide 
dispersed in DI water under mechanical stirring at 60°C. The composition was poured 
and casted in a mold of desired shape and let sit a room temperature for 7 days. The 
cast was then heated to 90°C for 30 min and tested for its properties. 
v. Self-healing flame retardant was synthesized by adding the metal containing small 
molecule additive synthesized by adding zinc acrylate to diethanol amine. This small 
molecule was mixed with neat diethanol amine (alcohol part of polyurethane) at 
different proportions. Polyurethane composites were prepared by reacting this polyol 
with hexamethylene diisocyanate in stochiometric quantities  as described in scheme 1 
below.  
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Scheme 6.5 Synthesis of self-healing flame-retardant compositions 
 
Neat polyurethane systems containing no metal atoms where prepared by addition 
of synthesized small molecule additive using methyl acrylate and hexanediol diacrylate 
reacted with diethanol amine as depicted in Scheme 6.6. 
 
Scheme 6.6 Neat polyurethane to compare with self-healing flame retardant 
polyurethane networks 
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6.2.4 Characterization 
The glass transition temperature of epoxy-amine networks and its composite 
prepared by adding metal salts were obtained using TA instrument Q1000 differential 
scanning calorimeter (DSC). The specimens were accurately weighed up to fourth 
decimal (approximately the sample was around 8 mg). All the samples were subjected to 
heat-cool-heat as follows: the sample was heated from room temperature to 200°C at 
10°C/ min to obtain the first heat flow. Next, the samples were cooled to 35°C/min at a 
rate of  10°C/min and then reheated to 200°C at again 10°C/min to obtain the second 
heat. The second heating scans are reported and the inflection point of the heat flow was 
assigned as glass transition temperature.   
The thermal stability of the pure small molecule additive and the composites 
prepared using the small molecule additive along with the neat epoxy amine networks 
was studied via thermogravimetric analysis (TGA). The testing was performed on a TA 
instrument Q500 thermogravimetric analyzer under N2 atmosphere. The sample gas 
purge flow rate was set at 60 mL/min. Samples weighing 6 mg were tested over a 
temperature range from room temperature to 650°C with a heating rate of 10°C/min.  
Wide angle X-ray diffraction (WAXD) was used as a tool to confirm the 
dissolution of metal within the composites. WAXD were performed in transmission mode 
on a Xenocs Inc. Xeuss 2.0 beamline system with a X-ray wavelength of 1.54 Å (Cu-Ka 
radiation). The composites prepared were mounted on a Pilatus 1M detector (Dectris Inc) 
with an exposure time of 10 min and processed using Foxtrot software. The WAXD 
patterns were analyzed to see the disappearance of the characteristic crystalline peaks of 
the metal salt after dissolving in polymer system to prepare composite materials.     
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The flame retardant properties were evaluated using cone calorimeter in 
compliance with ASTM D1354. Cone calorimeter is a laboratory scale fire testing 
instrument which provides a wealthy of information on the combustion characteristics of 
polymer materials including time to ignition (Tig), heat release rate (HRR), peak heat 
release rate (PHRR), time to peak heat release rate (tPHRR), average mass loss rate (Avg. 
MLR) and total heat release (THR). Cone calorimeter can also quantify the smoke 
release, carbon monoxide and carbon dioxide release. Cone calorimeter was carried out 
using Govmark cone instrument (recently Deatak flammability test instruments). All 
samples weighing approximately 35 ± 3 gm with dimension 100 x 100x 30 mm were 
exposed to an incident flux of 50 kW/m2 using a cone shaped heater and the exhaust flow 
rate was set at 24 L/s. The spark was turned on until the sample was ignited. Samples 
were contained in an aluminum foil to collect the remains after combustion for further 
analysis. Typically the data generated by cone are reproducible with an uncertainty which 
does not exceed ±10%. All samples were run in triplicate and the average values are 
reported.  
UL-94 test measures the ability of a sample to self-sustain ignition and 
propagation of flame in both vertical and horizontal spread configuration. UL-94 test in 
horizontal mode was conducted in a custom made set up where the samples were exposed 
to methane gas to evaluate the flammability, flame propagation and the dripping effect of 
different systems. In our study, the specimens were exposed only in horizontal way 
(ASTM D 5132) to compare and contrast the effect of increasing FR additive in the 
polymer matrix. ASTM D 5132 test method employs a standard test specimen (100 x 300 
mm) with a thickness up to 13 mm, mounted on a clamp. The specimen is ignited with a 
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38-mm high flame at 45° for 15 seconds and the burning rate is determined by measuring 
the time taken to the horizontal flame to propagate between two marks separated at 200 
mm, in relation to the time of burning (from the flame front reaching the first mark to the 
second one). The burning rate is calculated as follows. 
𝐵 =
𝐷
𝑇
. 60 
Where, B is the burning rate (mm/min), D is the length the flame traveled, starting from 
the first line (mm) and the T is the time for the flame to travel distance D (seconds) 
 
6.3 Experimental findings and discussion 
Nazarenko etal demonstrated the use of zinc acetate as a flame retardant 
component in epoxy amine systems.74 A standard DGEBA based epoxy resin, Epon 826, 
crosslinked with polyether based diamine, Jeffamine D230, was used in their work. The 
protocol for preparing such composites materials included mixing the crystalline metal 
salt with epoxy and amine followed by curing at elevated temperatures. Surprisingly, the 
zinc acetate crystalline powder when added to epoxy resin turned into a dispersion of 
immiscible crystals in liquid, but when cured in oven with amine, the crystals partially 
dissolved yielding a composite with much lesser number of crystalline zinc acetate. 
However, it was not until later the importance of miscible composite was recognized.  
This work was further extended to check which of the monomers of epoxy amine 
system was responsible for dissolution of powdered zinc salt. For this purpose, a scouting 
work was carried out by mixing zinc acetate in Epon 826 and Jeffamine D230 oligomers 
independently. It was found when zinc acetate was added to Jeffamine D230, the zinc 
acetate crystals started dissolving into the matrix.  
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6.3.1 Effect of different Zinc salts in Flame retardancy of Epoxy-amine networks 
A two-step approach was adopted such that the prepared small molecule complex 
can be added as an additive to any polymeric system. Dibutyl amine(DBA) was selected 
as the amine part of the complex for three reasons. The first reason is that the low 
viscosity of DBA allowed the addition of more zinc acrylate to the mixture without 
adding a solvent such as acetone. The secondly we hypothesize that, since DBA has only 
one replicable hydrogen atom which requires two units of it per zinc acrylate, this results 
in a zinc acrylate complex with excellent compatibility with the organic polymer matrix. 
Lastly, the monomeric nature of DBA allowed to reduce he organic content in the small 
molecule which greatly reduces the flammability of the prepared molecule.   
Several other zinc based organo salts including zinc acrylate, zinc citrate, zinc 
undecylenate, zinc stearate containing small molecule complex were prepared in similar 
proportions with dibutyl amine. This small molecule complex was further added to epoxy 
amine networks such that the total metal content in the composite was 2.25 wt% zinc 
metal.  
The composites were visually examined, and the appearance is reported in Table 
1. As seen, when the complex was prepared at 65 °C, except for zinc citrate and zinc 
stearate lead to an opaque composite while zinc acetate, zinc acrylate and zinc 
undecylenate formed a transparent composite. Wide angle x-ray diffraction (WAX) was 
used to characterize these composites for sharp diffraction peaks at specific angles that 
are indicative of crystal lattice spacing reported in Figure 6.6. 
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Figure 6.6 Wide angle X-ray analysis of prepared composites. Black spectrum indicates 
the powdered salt of zinc, red indicates the neat epoxy amine networks (without zinc) and 
blue indicates the composite made with metal salt in epoxy amine systems 
 
Neat epoxy amine networks showed an amorphous halo indicting the absence of 
crystalline domains in the networks. Transparent composites containing small molecule 
additive with metal salts dissolved in the amine monomer showed a loss of crystalline 
diffraction peaks indicating the loss of crystal structure associated with the metal salt 
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within the polymer systems. However, zinc acetate showed a single diminished 
diffraction peak which indicated the existence of small amounts of crystalline zinc acetate 
in the systems. Regardless, the immiscible compounds (zinc citrate and zinc stearate) 
which yielded opaque or translucent composites showed a significant peak in the 
composites associated with the crystalline peaks of the metal salt. However, when zinc 
stearate prepared at elevated temperatures yielded transparent epoxy amine networks with 
no diffraction peaks which is explained later in this session. The WAX spectra along with 
the visual inspection for transparency was adopted as a means of checking the molecular 
level dispersion of metal in the epoxy amine networks. Dissolution of metal showed a 
transparent composite with amorphous hallo, whereas dispersion of metal salt lead to 
opaque with characteristic peaks corresponding to the crystal lattice of metal salt.  
The flame-retardant properties of the prepared composites were obtained via cone 
calorimeter and shown in Figure 6.7 
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Figure 6.7 Heat release data obtained via cone calorimeter for the prepared composites. 
EP represents the epoxy amine networks. Small molecule additive was prepared with 
different metal salts prior to adding to the epoxy amine networks. 
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The cone calorimeter results, shown in Figure 6.7, peak heat release rate (PHRR) 
of the networks containing metal salts were lower as compared to the neat epoxy amine 
networks. Also, the composites were the metal salts are dissolved showed a significant 
reduction in PHRR compared to those composites were metal is just dispersed. The 
reduction in PHRR is attributed to the formed layer of zinc oxide char upon combustion. 
In case of dissolved metals, the reduction is significant due to the formation of 
continuous char between the unburnt polymer and the fire which acts as a barrier for the 
fuel to feed the combustion process. But with the metal dispersed composites, the char 
formed was porous and non-continuous which lets the molecules to feed the fire, but at 
much slower rate compared to the neat polymer systems.  There was also an reduced time 
to ignition upon addition of small molecule metal complex. This might be due to the 
faster degradation tendency of the prepared small molecule which is due the presence of 
organic fragments as free chains.   
The unburnt and burnt specimens was visually analyzed which is shown in Figure 
6.8 and 6.8. As seen, the char obtained from transparent metal containing composites 
were continuous (non-porous), whereas the char obtained with opaque composites were 
non-continuous having a porous structure.  
Char obtained from zinc stearate containing composites had a porous char on the 
top, but a dense continuous char underneath it. We hypothesize at high temperatures, wax 
like stearate-based compounds melts to from homogenous dispersion within the matrix 
before ignition. Analysis with stearate based metal compounds and different processing 
conditions are detailed later in this session.   
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Nevertheless, the neat epoxy that didn’t contain any metal salt resulted in no char, 
and the highest heat release which indicates that all the polymeric molecules are broken 
into small fragments during combustion.   
 
Figure 6.8 Pictures indicating the unburnt and burnt mold showing a continuous char 
formed for transparent composites prepared using zinc acetate, zinc acrylate, zinc 
undecylenate 
 
 
 
Figure 6.9 Pictures indicating the unburnt and burnt mold showing a continuous char 
formed for transparent composites prepared using zinc acetate, zinc acrylate, zinc 
undecylenate 
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Table 6.1 Cone calorimeter results of epoxy amine composites prepared with  several 
small molecule additive based on zinc salts 
Formulation 
Neat epoxy 
amine  (EP) 
Zinc Acrylate 
in EP 
Zinc Acetate 
in EP 
Zinc 
Citrate in 
EP 
Zinc 
Undecylenate 
in EP 
Zinc Stearate 
in EP 
Tig (s) 45.00 36.2 36.57 38.4 36.41 21.5 
PHRR(KW/m2) 1754.20 703.4 866.60 1437.0 712.30 848.4 
tPHRR(s) 108.00 54.0 132.50 113.0 52.00 90.0 
THR (MJ/m2) 85.2 91.7 90.5 98.2 91.8 97.5 
Physical state Transparent Transparent Transparent Opaque Transparent Opaque 
 
The analysis was further extended to other bivalent metal including cobalt and 
nickel acetates by preparing a small molecule complex with dibutyl amine in a similar 
way described earlier. The WAX analysis of nickel and cobalt acetates along with neat 
epoxy amine and crystalline salts are reported in Figure 6.10.  
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Figure 6.10 Wide angle X-ray analysis of prepared composites. Black spectrum indicates 
the powdered salt of zinc, red indicates the neat epoxy amine networks (without zinc) and 
blue indicates the composite made with metal salt in epoxy amine systems.   
 
The WAX spectrum shows acetate salts of cobalt and nickel is dissolved in the 
epoxy amine matrix indicated by the absence of characteristic crystalline peaks of acetate 
salts (indicated in black in Figure 6.10 a and b). 
 
6.3.2 Study of different metal acetates 
To compare the flame retardancy between metals, ie., zinc, nickel and cobalt, the 
cone calorimetry results of zinc acetate is compared with cobalt acetate and nickel 
acetates as shown in Figure 6.11. As seen from the cone calorimeter data, the peak heat 
release is greatly reduced with addition of metal salts that dissolve within the matrix 
leading to transparent composite materials. A picture of burnt and unburnt composite of 
cobalt and nickel acetate is shown below. Each metal showed a characteristic color, 
cobalt acetate as intense magenta and nickel acetate as green. The char yield of nickel 
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acetate containing composite was low despite of dissolved metal, probably due to the low 
char forming capability of nickel metal. 
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Figure 6.11 Heat release data obtained via cone calorimeter for the prepared composites.   
 
 
Figure 6.12 Pictures indicating the unburnt and burnt mold showing a continuous char 
formed for transparent composites prepared using cobalt acetate(left) and nickel acrylate 
(right) 
 
Time to ignition and peak heat release rate were chosen as the justifiable 
parameters for comparing the flame-retardant effect of different zinc salts and with 
 285 
different metals and reported in Figure 6.13. As seen, it is very evident that the 
composites that are transparent after metal salt addition shows better flame-retardant 
properties. Addition of metal complex made the composite to ignite faster as compared to 
the neat network systems. Among these composites, zinc acrylate and zinc undecylenate 
shows lower peak heat release rate. Comparatively within these two composites, the time 
to ignition for zinc acrylate is slightly delayed and hence hereafter in this work, zinc 
acrylate is chosen as the base material for further studies. But interestingly, zinc stearate 
also showed improvements in both time to ignition as well as peak heat release for the 
reasons mentioned before, and this has been investigated later in this work.          
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Figure 6.13 Comparison of time to ignition and peak heat release rate of the composites 
in this work 
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6.3.3 Analysis of small molecule additive/ β-amino complex 
In order to understand the dissolution mechanism, three types of amine-based 
compounds were used as dispersing agents and the small molecule additive was prepared 
to check its solubility.   
3-amino propanol, n-dibutyl amine and triethyl amine were used as 1°, 2° and 3° 
amines respectively as dispersing agents. Small molecule additives were synthesized by 
mixing amines with zinc acrylate at 60°C under vigorous mechanical agitation. 
Considering Michael addition reaction between the electron rich double bond of zinc 
acrylate and proton of amine, the ratio was chosen to be 1:1 sociometry between the di-
functional zinc acrylate and the replaceable protons attached with nitrogen. For 
simplicity, the ratio between tertiary amine and zinc acrylate was taken to 1:1 wt%. All 
these small molecule additives were visually tested for miscibility. 
 
Scheme 6.7 Chemical structures of primary (1°), secondary (2°) & tertiary (3°) 
amines. 
 
The visual observation for solubility is reported through the digital pictures shown 
in Figure 6.14. Addition of zinc acrylate to a primary and secondary amine having 
hydrogen group attached to nitrogen leads to a soluble mass. When zinc acrylate is 
dissolved in triethyl amine (tertiary amine) with no hydrogen groups, the mixture tends to 
phase separate indicating the importance of the presence of hydrogen bearing nitrogen on 
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solubilizing the metal salt. This also confirms that the reaction occurring between the zinc 
acrylate and amine is Michael addition reaction.  
 
Figure 6.14 Visual observation of solubility for checking the miscibility of 1°, 2° & 3° 
amines. 
 
We intended to prepare a small molecule additive with no reactive groups, thus, 
our material of interest was narrowed down to dibutyl amine (a dispersing agent) and zinc 
acrylate as an organometallic salt which made the flame-retardant composition. The 
NMR spectra revealed the diminution of acrylate peaks indicating that the proton from 
the amine groups has been utilized to react with the acrylate component in the zinc 
acrylate. (Figure 6.15) 
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Figure 6.15 Proton NMR spectrum of the reaction product of zinc acrylate with 
stoichiometric quantities of dibutylamine. 
 
The initial step was to optimize the amount of dibutyl amine required to form an 
additive that had dissolved metal salt in it. We intent to reduce the organic content in the 
additive thus maximizing the flame retardancy when these complexes are used. Hence 
zinc acrylate was mixed to dibutyl amine at increasing proportions ranging from 0.5:1 to 
2:1 and checked for solubility of the mixture. The small molecule additive prepared at 
0.5:1 stoichiometry lead to a transparent miscible solution.  
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Table 6.2 Solubility check of zinc acrylate with dibutyl amine at different proportions 
 
Additive approach was adopted such that the flame-retardant zinc-based 
compound can be added to any polymeric systems not limited to epoxy-amine, 
polyurethane, polystyrene, polyvinyl chloride and poly ethylene oxide. The choice of 
amine was selected such that the small molecule additive was compatible with the 
polymers of interest. For instance, metal-amine complex prepared using dibutyl amine 
showed a phase separation when mixed with water soluble polyethylene oxide, due to 
poor compatibility between the selected amine with the PEO.  Thus, a preliminary test to 
for suitability in polymer system of interest was checked through determining the 
solubility of metal-amine complexes in various solvents and using basic concepts of 
solubility parameter theory, the amine monomer was selected to be miscible in particular 
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polymeric materials.  In this test, the prepared small molecule additive was visually tested 
for its miscibility with various solvents. For example, small quantities of zinc acrylate-
butylamino ester complex were transferred to vials and selected solvents were added to 
each vial in equal proportion to the complex under stirring. After a short time, the 
contents were inspected for dissolution of the small molecule additive in the selected 
solvent. The results are summarized in Table 6.3. 
 
Table 6.3 Solubility analysis of small molecule additive prepared using zinc acrylate and 
dibutyl amine 
 
Solvent Miscible/ Immiscible 
Acetone Miscible 
Water Immiscible 
Methylene Chloride Miscible 
THF Miscible 
Ethanol Partially Soluble. but hazy 
Xylene Miscible 
 
Hence the choice of amine (dispersing agent) can be tuned such that the complex 
formed is soluble in polymer’s true solvent. For instance, since dibutyl amine was 
relatively non-polar compared to water, the small molecule additive prepared using 
dibutyl amine and zinc acrylate was not miscible with water as reported in Table 6.3. 
Hence, a water-soluble amine monomer, ethylene diamine was selected to prepared small 
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molecule additive in order to make compatible with water soluble polymer systems such 
as PEO.  
Hence, a two step approach was followed in order to homogeneously incorporate 
the metal salt in the polymer systems. In the first step, small molecule additive (zinc 
acrylate-amine complex or β-amino complexes of zinc salts) was prepared separately by 
mixing a suitable amine compound with zinc acrylate along with excess solvent which 
was removed later through rotatory evaporator. The synthesized small molecule additive 
was added to the required polymer matrix. Several polymeric systems including, epoxy-
amine, polyurethane, poly styrene, and polyethylene oxide were chosen, as a proof of 
concept, such that this new halogen free, phosphate free, soluble metal based compound 
can be used effectively as flame retardant.   
6.3.4 Effect of small molecule additive on various polymer systems  
6.3.4.1 Flame retardant for Epoxy-amine networks 
Zinc acrylate was added to the epoxy amine systems made with Epon 826 
crosslinked with Jeffamine D230, in additive forms using the two step process as 
mentioned before. In the first step, a small molecule additive was prepared by dissolving 
zinc acrylate in dibutyl amine at 0.5:1 stochiometric quantities. In the second step, the 
prepared small molecule additive was added to the epoxy amine networks such that the 
zinc metal content was 2.25 wt% 
The neat epoxy-amine networks was transparent and upon the addition of 
commercial flame retardants such as zinc oxide or zinc borate, the epoxy resins became 
opaque, indicating that these oxides were insoluble in the polymer. (Figure 10).  When 
incorporated at a concentration of 2.25 weight percent zinc, samples containing zinc 
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oxide or zinc borate (Firebrand® ZB Fine supplied by Borax(20 mule team)) showed a 
small reduction in the peak heat release rate upon burning in the cone calorimeter (Figure 
6.16).  The dibutyl amino complex with zinc acrylate, which is miscible in the epoxy 
amine resin, significantly improves the reduction in peak heat release rate. 
 
Figure 6.16 Photographs of samples of (a) epoxy resin, (b) Epoxy resin with zinc oxide, 
(c) epoxy resin with zinc borate and (d) zinc acrylate in DBA as additive in epoxy resin 
before and after burning in the cone calorimeter. Samples are shown above, and the 
corresponding char is shown beneath each sample. 
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Figure 6.17 Heat release rate of prepared epoxy resins with different additives, zinc 
oxide, zinc borate and synthesized zinc acrylate in DBA. 
 
The heat release rate of composites prepared using epoxy amine networks with 
added additives are reported in Figure 6.17. All the composites were prepared such that 
the zinc metal content was maintained to be 2.25 wt%. Unlike the commercial flame-
retardants, zinc oxide and zinc borate, the reduction in HRR was significantly higher 
when the synthesized zinc acrylate ester complex was added to the network. This 
indicates a new generation metal based flame-retardant compounds prepared using zinc 
acrylate and an amine based dispersing agent is more effective than the commercial flame 
retardant additives. 
6.3.4.2 Flame retardant for polyurethane networks: 
The β-amino complexes of zinc salts were prepared as described in a similar way 
described in small molecule additive preparation detailed in epoxy-amine systems.   
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Polyurethanes were synthesized by reacting the selected polyol with the selected 
isocyanate in the presence of dibutyl tin dilaurate as catalyst. The synthesized β-amino 
complexes of zinc salts were dissolved in xylene to achieve a mixture of about 10 wt% of 
solvent, and this mixture was then combined with the poly-isocyanate prepolymer. This 
mixture was then added slowly to stoichiometric quantities of polyol and degassed prior 
to casting in a desired mold to cure at 85°C for 12 hours. The samples were aged for at 
least 24 hours prior to test.  The polyurethane sample that contained zinc acrylate only 
was opaque.  The sample containing the dibutyl amine/zinc acrylate complex was 
transparent. 
The composites were evaluation of fire-retardant performance in cone 
calorimeter. To compare the effect of dispersion and dissolution of zinc metal on flame 
retardancy, comparative example compositions were made using only zinc acrylate 
mixed with polyol-isocyanate complex and subsequently compared, by cone calorimetry, 
with compositions made using the zinc acrylate dibutylamine complex.   
Cone calorimetry results for the polyurethane compositions with and without 
amine dispersing agent are shown in Figure 6.18 and Table 6.4. A dispersion of metal salt 
resulted when only zinc acrylate salt was added to polyurethane, whereas, the synthesized 
amine based complex lead to dissolution of metal.  The dispersed metal salt in 
polyurethane composition resulted in reduction of the peak heat release rate whereas 
addition of the zinc acrylate-dibutylamine complex resulted in a significantly more 
pronounced reduction of the peak heat release rate. These results demonstrate that 
dissolution of the metal component in polymer network substantially improves the fire-
retardant performance over particulate dispersion of the metal component. As mentioned 
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earlier, the dissolved metal salts form a continuous layer of oxide layer of char which acts 
in two ways. One, it acts as an insulating layer reducing the heat transfer to the unburnt 
polymer surface and barrier layer trapping the volatiles from feeding the fire. In case of 
dispersed metal containing composites, porous non-continuous char is formed which can 
not trap the volatiles making it more flammable as compared to dissolved metals. 
It is to be noted that the total heat release is not reduced, but it is increased 
because of the added extra organic molecule as an additive form. But by adding the 
additive, the sudden burst of energy is avoided which is seen the nature of the cone 
calorimeter curve. The addition of small molecule additive slows down the combustion 
process and hence we see a lengthier time of combustion in cone calorimeter.   
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Figure 6.18 Cone calorimeter results of polyurethane systems. “PU+ Zinc acrylate” 
indicates the PU composites with metal dispersed and “small molecule additive in PU” 
indicates the dissolution of metal. Both composites correspond to an effective metal 
content to 2.25 wt% zinc. 
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Table 6.4 Cone calorimeter results comparing with and without dibutyl amine as 
dispersing agent for metal salt in polyurethane systems 
Formulation Control             
(Polyurethane -  
0% Zn metal) 
(Polyurethane- 2.25% Zn 
metal as Acrylate) 
dispersion of metal 
(Polyurethane - 2.5% Zn 
metal as B-amino complex of 
Zinc Acrylate) 
Tig (s) 32 30.5 31.5 
PHRR (KW/m2) 1628.84 1237.33 726.909 
tPHRR (s) 72 68 61 
THR ( MJ/m2) 78 86.5 96.0 
Physical state Transparent Opaque Transparent 
 
6.3.4.3 Flame retardant for polystyrene polymers: 
Polystyrene was cast via a solution casting method. The neat polymer was 
dissolved in methylene chloride under stirring. The zinc acrylate-dibutylamine complex, 
prepared as described earlier in epoxy amine session which was then diluted with 
methylene chloride and subsequently added to a solution of polystyrene under stirring. 
The mixture was then casted in a mold which was further evaluated for its flammability 
test.  The composition was held in an oven for 24 hours at 65°C to evaporate the solvent 
and form a solid sample cast.  The polystyrene cast containing only zinc acrylate was 
opaque which indicated the metal salt was dispersed in polystyrene.  The polystyrene cast 
containing the butylamine/zinc acrylate complex was transparent indicating that the metal 
was dissolved in polystyrene.  Polystyrene casts containing 2.25 weight percent zinc as 
zinc acrylate, with and without a stoichiometric amount of dibutylamine were prepared 
and tested by cone calorimetry. As seen from the cone calorimeter (Figure 6.19), the 
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reduction in peak heat release rate associated with the opaque polystyrene composites 
(without butyl amine) was less as compared to the transparent metal containing 
polystyrene composites. This is again due to the continuous char obtained from the 
composites where the metal is in dissolved state. 
      
Table 6.5 Cone calorimeter results comparing with and without dibutyl amine as 
dispersing agent for metal salt in polystyrene systems 
Formulation Polystyrene 
 0% Zn 
Polystyrene- 2.25% Zn as 
zinc acrylate) 
Polystyrene  
2.5% Zn as β-amino complex of 
zinc acrylate) 
Tig (s) 38.5 35 29.5 
PHRR (KW/m2) 1406.26 1148.42 819.74 
tPHRR (s) 114.5 90 111.5 
THR ( MJ/m2) 91 97.6 95.5 
Physical State Transparent Opaque Transparent 
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Figure 6.19 Cone calorimeter results of polystyrene (PS) systems. “PS+ Zinc acrylate” 
indicates the PU composites with metal dispersed and “small molecule additive in PS” 
indicates the dissolution of metal. Both composites correspond to an effective metal 
content to 2.25 wt% zinc 
 
As seen in the heat release curves, the composites with dissolved metal had a 
delayed peak heat release due to its char forming capability. The observed char after the 
combustion indicated the continuous char formation for the composites with zinc 
dissolved. The dispersed zinc containing composites due to its porous char, the peak heat 
release rate was achieved at early stages of combustion. 
6.3.4.4 Flame retardant polyethylene oxide composites: 
 
Polyethylene oxide was chosen to check if the method of adding metal based 
small molecule additive would improve the flame retardancy of such water-soluble 
polymers. Since dibutyl amine was insoluble in water, which would lead to phase 
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separation when added to a water soluble polymer, ethylene diamine (a water soluble 
amine) was chosen a dispersing agent.  A similar method described in epoxy systems for 
the preparation of small molecule additive was followed, except for the use of ethylene 
diamine in stochiometric amounts 
Polyethylene Oxide compositions with Zinc Acrylate Amine complex was 
prepared as follows. Polyethylene Oxide was dissolved in water and under stirring at 
60°C. The prepared zinc acrylate-amine complex was then mixed into the PEO solution 
until dissolved, and the composition was cast in a mold. 
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Figure 6.20 Cone calorimeter results of polyethylene oxide (PEO) systems. “PEO+ Zinc 
acrylate” indicates the PEO composites with metal dispersed and “small molecule 
additive in PEO” indicates the dissolution of metal. Both composites correspond to an 
effective metal content to 2.25 wt% zinc 
 
The flame retardancy of polyethylene oxide casts containing 2.25 weight percent 
zinc as zinc acrylate, with and without a stoichiometric amount of ethylene diamine were 
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prepared and tested by cone calorimetry. Results are shown in Figure 6.20 and Table 6.6.  
As expected, the zinc acrylate added through soluble small molecule additive the peak 
heat release rate substantially more than the zinc acrylate alone.  The char was observed 
which revealed that the soluble zinc metal lead to a continuous char, whereas the 
dispersion of zinc metal lead to non-continuous char.   This also reveals that aqueous 
solutions of polyethylene oxide with a soluble zinc complex will retain fire retardancy 
after the solvent, water, has been depleted or removed by, for example, evaporation.  
More generally, this result demonstrates that aqueous solutions of polymers containing 
dissolved metal moieties can retain significant fire-retardant properties after the water has 
evaporated.  
Table 6.6 Cone calorimeter results comparing with and without dibutyl amine as 
dispersing agent for metal salt in polyethylene oxide systems 
Formulation Poly(ethylene oxide) 
0% Zn 
(Polyethylene oxide) - 
2.25% Zn as zinc acrylate 
(Polyethylene oxide) - 2.25% 
Zn as β-amino complex of zinc 
acrylate 
Tig (s) 23.9 21.76 15.5 
PHRR (KW/m2) 1749.8 1136.71 759.6 
tPHRR (s) 77 99.5 159 
THR ( MJ/m2) 86 98.5 102.8 
Physical State Transparent Opaque Transparent 
 
In summary, from the results obtained it is evident that the new metal based 
flame-retardant is much effective when it is present in the dissolved form rather than a 
dispersion in the polymer matrix. From the above studies, the flame retardancy is greatly 
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improved with dissolving the metal in a range of polymers including networks polymers 
(epoxy and polyurethane), thermoplastic polymers (polystyrene) and water soluble 
polymers (polyethylene oxide). Thus, this approach can be considered as next generation 
flame retardant due to its advantages over halogenated and phosphorous flame retardants, 
due to its eco-friendly and versatile applicability.   
6.3.5 Effect of increasing content of small molecule additive 
As an extension epoxy amine networks were chosen to evaluate the effect of 
incremental quantities of the prepared small molecule additive. We intent to check the 
flame-retardant effect at varying loading levels of zinc metal. These composites were 
evaluated for thermal, mechanical and flame retardant properties. The proportions of the 
complex were increased such that the effective zinc metal content in the network varied 
from 0.10 wt% to 18 wt%. 
0 200 400 600 800
0
20
40
60
80
100
W
t 
lo
s
s
 (
%
)
Temperature (°C)
 Additive only
 Neat Epoxy
 2.25 wt % Zn in EP
 4.50 wt% Zn in EP
 
Figure 6.21 TGA analysis of epoxy amine networks with increasing small molecule 
additive concentrations. 
 
 302 
Thermogravimetric analysis (TGA) in nitrogen atmosphere of synthesized small 
molecule additive along with prepared composites are reported in Figure 6.21. As seen 
the pure small molecule additive shows an early onset degradation temperature with two 
step degradation process. Since this small molecule additive contains organic tails with 
dissolved metal, we hypothesize that, the early degradation is caused by the organic 
fragments in the first step. The dissolved metal forms char which then breaks further 
under high temperature in the second degradation step. The prepared composites follow a 
single degradation step similar to neat epoxy amine networks. With increasing small 
molecule additive content, the onset degradation temperature decreased with increase in 
char yield at 600°C. It is evident that with the increase in metal content in the networks 
improved the char formation capability with a small reduction in onset temperature. We 
hypothesize that the early degradation temperature associated with the small molecule 
additive is responsible for effective conversion of organic molecules into char which 
further protects the polymer underneath. Table 7 indicates the TGA a decrease in onset 
temperature with an increase in char yield upon addition of small molecule additive to 
epoxy amine networks. 
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Table 6.7 TGA data for epoxy amine composites with increasing β-amino complexes 
content 
Material Tonset(°C) T10% (°C) T50% (°C) 
Char 
Yield(wt%) 
 
DTmax(°C) 
Small molécule additive 157.6 168.6 289.5 28.1 195, 270 & 475   
Neat epoxy amine (EP) 361.7 357.8 383.6 6.6 381.7 
2.25 wt% Zn in EP 350.9 346.3 385.5 18.8 377.4 
4.50 wt% Zn in EP 340.0 335.2 384.7 25.1 369.5 
Tonset – Onset temperature; T10% - Temperature at 10% degradation; T50% - Temperature at 50% 
degradation; DTmax – Maxima of mass loss rate 
Surprisingly, addition of small molecule additive to an epoxy amine networks 
induced plasticization to the network. Differential scanning calorimeter (DSC) analysis 
revealed that addition of small molecule additive decreased the glass transition 
temperature with increasing content and reported in Figure 6.22 and listed in Table 6.8. 
The clear transition also indicates the absence of phase separation within the networks 
even after addition of small molecule additive.    
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Figure 6.22 DSC thermograms of composites prepared using β-amino complexes in 
comparison with the neat epoxy amine networks. Thermograms are vertically offset for 
clarity 
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Table 6.8 Effect of β-amino complexes of zinc acrylate on the glass transition 
temperature of epoxy-amine resin as determined by differential scanning calorimetry 
Zinc metal content of 
Epoxy Resin 
Tg 
0 91°C 
2.5 wt% 83°C 
9 wt% 66°C 
 
Addition of small molecule additive to the neat systems affects the long chain 
molecular motion which reflects through the Tg of these composites. This needs further 
insight to understand the exact mechanism. 
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Figure 6.23 Tensile test (compression mode) of the prepared composites with increasing 
small molecule additive content 
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Plasticization of the epoxy resin was demonstrated by compressive tensile tests in 
which polymer cylinders were subjected to compression along the axis of the cylinder.  
The miscible β-amino complexes of zinc esters conferred a decrease in initial Young’s 
Compressive Modulus followed by a distinct yield stress and plastic flow.  (Figure 6.23 
and Table 6.9) The value of the yield point decreased with increase in miscible zinc 
content.  Polymers with miscible zinc contents of 9.1 weight percent and higher displayed 
brittle fracture when compressed. This phenomenon of fracture at higher loadings is still 
under investigation.  
 
Table 6.9 Effect of β-amino complexes of zinc acrylate on the Young’s Modulus and 
yield stress of epoxy resin as determined by compressive testing 
Sample Initial Modulus (Mpa) Yield Stress (MPA) 
Neat 1125 102  
0.5 wt% 849 82 
1.75 wt% 792 74 
2.25 wt% 784 68 
4.5 wt% 684 58 
9.1 wt% Shattered - 
18 wt% Shattered  - 
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Figure 6.24 Heat release curves obtained via cone calorimeter for networks containing 
small molecule additive ranging from 0.1 wt% to 18 wt%. Both a and b curves represent 
the same serious burnt at similar conditions and separated for clarity. 
 
Cone calorimetry results of Epoxy resin samples containing β-amino complexes 
of zinc acrylate ranging in concentration from 0.1 weight percent zinc to 18 percent zinc 
are presented in Figures 6.24 a and b. The addition of small molecule at 0.25 wt% zinc 
level showed a slight decrease in peak heat release rate (PHRR) of about only 2 %. But 
when the zinc content was increased to 2.25 wt%, a reduction of 45 % in PHRR was 
achieved. The maximum reduction in PHRR was achieved with 9 wt% (of about 71 %) 
beyond which addition of small molecule had a detrimental effect. This is because of the 
added organic content which feeds the fire. Thus the threshold limit for achieving 
efficient flame retardancy using this approach was found to be 9 at % of zinc metal. 
Representative cone calorimeter data of selected composites is listed in Table 
6.10. As seen, addition of metal based small molecule additive decreases the PHRR along 
with increasing the char yield up to 9 wt% of zinc metal. But at 18 wt% of zinc, there is 
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an increase in PHRR. It is important to note that addition of small molecule additive 
cause the composites to ignite early in the combustion process indicated by the decrease 
in time to ignition. Time to ignition also needs to be improved to be used as flame 
retardants in real world applications.   
  
Table 6.10 Effect of concentration of β-amino complexes of zinc acrylate on fire 
retardancy of epoxy-amine compositions . 
Formulation  Neat Epoxy - 
0% Zn metal) 
Epoxy -with 
2.25% Zn 
metal) 
Epoxy – with 
4.5% Zn metal) 
Epoxy with-9%   
Zn metal) 
Epoxy with-
18% Zn metal) 
Tig 29 32 20 18 11 
PHRR 1629 896 778 468 752 
tPHRR 72 68 108 31 36 
THR 
(MJ/ m2) 
79 91 98 112 109 
Physical State Transparent Transparent Transparent Transparent Transparent 
 
The obtained char was analyzed through wide angle X-ray diffraction and 
reported in Figure 6.25. The peaks obtained through WAX corresponded to a standard 
Zinc oxide crystal lattice, which indicates that the dissolved metal in the matrix turns to 
zinc oxide while combustion. 
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Figure 6.25 Wide angle x-ray analysis of obtained char from cone calorimeter. Crystal 
lattice represents the obtained char is zinc oxide 
 
The American National Standards Institute; Underwriters’ Laboratories. Standard 
for Tests for Flammability of Plastic Materials for Parts in Devices and Appliances, 
UL94-HB, describes a method to test the rate at which a standard horizontally oriented 
bar of material burns when it is ignited from one end.  The standard flammability of 
epoxy-amine resins containing no zinc salts were compared with epoxy-amine resins 
containing miscible zinc acrylate-dibutylamine complex by testing according to ASTM 
method UL 94 HB.  All samples passed the UL 94 HB test.  The rate of burning was 
decreased for samples of epoxy-amine resin with the addition of miscible zinc acrylate-
dibutylamine complex. Importantly, the samples containing the zinc acrylate complex did 
not drip during burning whereas the sample with no added zinc complex produced 
flaming drips as it burned.  The results of the UL-94-HB test are shown in Table 6.11. 
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Table 6.11 ASTM method UL-94 HB testing of β-amino complexes of zinc acrylate on 
the standard flammability of epoxy-amine resin. 
Sample Name Time to reach Point 
A (S) 
Time to reach Point 
B (S) 
Linear Burning rate 
(mm/minute) 
Control     
 0 wt % Zn 
40 281 21.4 
2.5 wt% Zn 62 358 16.8 
4.5 wt% Zn 69 494 12.1 
6 wt% Zn 71 424 14.2 
9.5 wt% Zn 70 379 15.8 
18 wt % Zn 60 368 16.3 
 
6.3.6 Effect of processing conditions of zinc stearate on FR properties  
As mentioned earlier, epoxy resin containing β-amino complexes of zinc stearate 
yielded a char that was discontinuous on top with a continuous char beneath(Figures 6.8). 
Since stearic acid is essentially a long chain fatty acid, we hypothesized that heating to a 
temperature above the melting point would help dissolve these compounds in a 
homogeneous mixture. The melting point of zinc stearate powder was 90°C where the 
powder melts to a transparent solution when maintained at elevated temperatures. When 
cooled down, it started recrystallizing leading to its crystalline form. Thus small molecule 
additive with and without amine dispersing agent (dibutyl amine) was prepared at 
elevated temperature (at 90°C) and subsequently cured immediately without letting the 
molted composite below the melting point of crystalline zinc stearate salt. 
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Both the composites which were prepared with and without dibutyl amine 
appeared transparent. A post treatment method was also adopted where the opaque 
composite was prepared (protocol followed earlier) which was post cured at much higher 
temperature of 120°C. The post cure composites formed a granular type morphology 
which was due to the partially melted zinc stearate molecules due to such high 
temperature. The prepared composites via different protocol was exposed to cone 
colorimeter to evaluate the flame retardant properties. (Figure 6.26 and listed in Table 
6.12)  
 
Table 6.12 Effects of formulation temperature conditions on epoxy-amine compositions 
with zinc stearate. 
Sample identity 
Epon+d230 (neat) 
(A) 
Epon+d230+ 
(DBA+ Zn 
stearate) 70°C 
prep cured @ 
90°C (B) 
Epon+d230+(DBA+ 
Zn stearate) + 70°C 
prep cured @ 90°C 
post treatment @ 
120°C (C) 
Epon+d230+(DBA+ 
Zn stearate) + 
90°prep cured @ 
90°C (D) 
Epon+d230                  
Zn stearate alone 
 90°prep cured @ 
90°C (E) 
Tig (s) 45.00 13.5 17 18 24.5 
PHRR(KW/m2) 1754.20 797.14 805.7 815.7 728.8 
tPHRR(s) 108.00 57.0 85 96 74.5 
THR (MJ/m2) 85.2 96.6 97.1 92.1 88.25 
Physical state Transparent Opaque  
Small crystalline 
granules Transparent Transparent  
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Figure 6.26 Heat release curves of composites prepared using zinc stearate prepared via 
different protocol. Labels A through E indicates different protocol listed in Table 
 
The visual observation of the char obtained via cone calorimeter revealed that 
irrespective of the appearance of these composites, there existed a continuous char 
underneath a porous layer of char on the surface (Figure 6.27). The cone calorimeter 
results revealed that the heat release rate was significantly reduced with composites 
prepared irrespective of the prototype followed. This indicated that when the zinc stearate 
composites, exposed to high temperature above the melting point of zinc stearate salt, in 
cone during evaluation of flame retardancy test, turned into a soluble component. 
However, this needs to be further investigated.   
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Figure 6.27 Burnt ( on top) and unburnt (bottom) of compositors containing zinc stearate 
prepared via different protocol. Transparent composites yielded a continuous char 
underneath a porous top surface 
6.3.7 Effect of different stearate salts on FR properties 
In a different study to compare the char forming capability of different metals, 
stearate salts of zinc was compared to sodium stearate, magnesium stearate, nickel 
stearate and stearic acid. Composites were prepared by mixing stearate salts at elevated 
temperatures ( 90°C) which was subsequently casted and crosslinked at 90°C.  
With the above said protocol, magnesium stearate and zinc stearate formed a 
transparent while other compounds, stearic acid, sodium stearate formed opaque and 
nickel stearate turned to greenish translucent composites. The results obtained in cone 
calorimeter along with the physical appearance is listed in Table 6.13. The cone 
calorimeter results are shown in Figure 6.28. 
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Table 6.13 Flame resistance of stearate-based salts of zinc, nickel and magnesium 
determined via cone calorimeter 
Cone 
Calorimeter 
Measurement 
Neat Epoxy 
Resin  
Epoxy 
resin + 
Stearic 
Acid 
Epoxy 
resin + 
Sodium 
Stearate 
Epoxy resin 
+ 
Magnesium 
Stearate 
Epoxy 
resin + 
Nickel 
Stearate 
Epoxy   
resin + 
Zinc 
stearate 
Time to 
ignition (secs) 
42 24 24 21 22 25 
Peak Heat 
Release Rate 
(Kw/sq.m) 
1744 2016 1383 767 1081 729 
time to Peak 
heat release 
(sec) 
120 60 64 44 52 75 
Total Heat 
Release 
(MJ/sq. m) 
85.2 93.9 92 88 92 88 
Appearance Transparent Opaque, 
waxy 
Opaque 
with 
bubbles 
Transparent Greenish, 
translucent 
Transparent 
 
The cone calorimeter results indicated that the addition of metal salt resulted in 
reduction of PHRR compared to the neat systems. When stearic acid was added to the 
network, the PHRR was higher than the neat networks which is in agreement that with 
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added organic content in the system makes it more flammable. Also, stearic acid 
containing systems showed a sudden burst of energy due to the absence of char forming 
moieties in the compositions (shown in Figure 6.28). Different salts resulted in varying 
amounts of char yield at the end of the cone test. Magnesium and Zinc based stearate 
salts lead a dense continuous char while the sodium and nickel resulted in a non-
continuous char. This study indicated that, even though nickel based stearate salt was 
partially soluble, the metal has to have char forming capability to achieve desired flame 
retardant properties. Thus magnesium and zinc based salts are suitable candidates to be 
used as flame retardant metal based compounds.   
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Figure 6.28 Heat release rates of stearate based salts examined with epoxy amine 
systems. Zinc and magnesium stearates resulted in lowest PHRR, whereas stearic acid 
increased the flammability. 
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Figure 6.29 Unburnt (top) and burnt (bottom) pictures of epoxy-amine composites of 
different stearate salts. 
 
The wide-angle x-ray spectrum (WAX) of composites prepared with zinc, 
magnesium and nickel stearate is reported in Figure 6.30. The miscibility of metal salt in 
the networks can be determined via WAX spectrum. As expected, the zinc and 
magnesium based transparent composites didn’t show any peaks characteristic to the 
metal salt, whereas nickel stearate composites showed the peaks associated with the 
crystal lattice in the composite materials. In addition to visual observations, WAX can be 
used as a tool to determine the miscibility of metal salt in the polymer matrix. 
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Figure 6.30 Wide angle x-ray spectrum of (a) miscible Zinc stearate, (b)miscible 
magnesium stearate &(c)immiscible nickel stearate composites in epoxy amine networks 
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6.3.8 Self-healing fire-retardant polymer networks comprising polymer chains 
crosslinked through coordination bonds with metal ions. 
 
Polymers with self-healing properties was prepared using coordination bonds as a 
site for crosslinking. several research has been carried out to achieve self healing property 
using ionic bonds. In this work, a small molecule additive was prepared using zinc 
acrylate and di-ethanol amine in a similar way described earlier. The prepared small 
molecule additive and di-ethanol amine was further crosslinked with a di-isocyanate to 
prepare a polyurethane based crosslinked systems with co-ordination bonds in the 
backbone of the polymer. This composition gave self healing property, through the co-
ordination bond along with the flame-retardancy to the network systems. A detailed 
description of the monomer synthesis and network formation is detailed in the 
experimental session.  
The composites containing metal dissolved in polyurethane exhibited self-healing 
property, whereas polyurethane prepared identically without zinc metal (using diacrylate) 
showed no bond reformation. Pictures indicating healable material prepared by 
incorporating zinc is shown in Figure 6.31. 
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Figure 6.31 Polyurethane composites with (a) no Zinc metal on the left & (b) with zinc 
metal on the right. The composites without Zinc doesn't show the self-healing property, 
where is the composites with Zinc compound showed bond reformation 
 
The flame-retardant properties of metal containing composites were tested in cone 
calorimeter and reported in Figure 6.32. 
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Figure 6.32 Heat release curves of polyurethane composites prepared with zinc acrylate 
in increasing concentrations 
 
Calorimetry results for the polyurethane compositions are shown in Figure 6.33 
for samples that contained respectively 2.5, 4.5 and 9.5 weight percent zinc. As seen in 
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Figure 25, with addition of small molecule additive, the time to ignition is reduced with 
decrease in PHRR. The observed char for compositions containing zinc metal formed a 
continuous char.  Cone calorimetry results of polyurethane compositions prepared in a 
similar way with no metal is shown in Figure 6.33. Two types of control compositions 
were prepared, one containing methyl acrylate (which decreased the crosslink junction 
points) and the other composition contained diacrylate ( maintained the crosslinking 
points compared to zinc acrylate) was prepared. The cone calorimeter results of control 
polyurethanes showed a remarkable increase in PHRR and a short combustion time. 
Control samples with 4.5 wt% methyl acrylate showed higher PHRR as compared to the 
di-acrylate systems due to higher flammability associated with dangling methyl chains. 
All control polyurethane samples didn’t show any char after the combustion which is due 
to the absence of char forming moieties in the networks.  
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Figure 6.33 Heat release curves of polyurethane controls prepared with methyl acrylate 
and di-acrylate instead of zinc acrylate.   
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6.4 Conclusions and future directions 
It has been discovered that the dissolution of metal in polymeric systems 
improves the flame retardancy by slowing the heat released and reducing the smoke. 
Dissolution of metal was achieved either by using amine-based compounds and or by 
using long chain metal salts at elevated temperatures. Excellent FR property was 
achieved at only 2.25 wt% of metal with several polymers including epoxy-amine, 
polyurethane, polystyrene and polyethylene oxide, thus proving its versatility in both 
solvent and water based polymers. In a different study to check the maximum possible 
loadings of such metal based compounds, it was found that the FR properties improved 
upto 9 wt%, beyond which it deteriorated. The addition of the small molecule imparted 
plasticization effect, but at higher loadings lead to increase in brittleness.     
For the first time, a non-halogenated, non-phosphorous based flame retardant has 
been developed using metal salts and it has been proved to work with several systems. 
Even tough there are several unanswered questions, this approach is promising in terms 
of improving the flame retardancy of polymeric materials at low loading levels. 
There are several unanswered questions such as the reaction mechanism 
happening to dissolve a metal salt in the polymer matrix, how does the metal salt lose its 
crystalline lattice structure upon addition to polymer matrix. It was noted that the time to 
ignition become faster upon addition of small molecule additive. We hypothesize that the 
faster ignitability causes the formation of char at an early stage of fire, which slows down 
the combustion of underneath layer of polymer. However, experimental evidence was not 
generated and hence need to be verified. This can be checked by preparing small 
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molecule additive with amines that burn at different rates. For example, long chain 
aliphatic amines or cyclo-aliphatic amines when used, the ignitability can be increased 
due to the increase in organic content. The ignitability can be reduced by the use of 
inorganic (siloxane) or aromatic amines.       
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